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INTERNAL SECRETIONS AND TOXEMIA OF 
LATE PREGNANCY 

GEORGE VAN S SMITH and 0 WATIQNS SMITH 

From the Fearing Research Laboratory, Free Hosjntal for Women 
BROOKLINE, MASSACHUSETTS 

C ritical, comprehensive publications concerning the toxemias of preg- 
nancy have been written by Berkeley (15), Holland (76), Hinselmann 
(73), Stander (174), Herrmann (71), Kosmak (83), McHroy (102), 
Dieckmann (44), Dexter and Weiss (43) and Browne (26) These authors have 
made exhaustive studies of the hterature on this subject and mcluded their own 
investigations The present review was prompted by the increased knowledge 
of mtemal secretions m relation to this diseased state, chiefly as regards the hor- 
mones elaborated by the placenta Unfortunately, detailed morphologic studies 
of the glands of mtemal secretion m toxemia as well as m normal pregnancy are 
lackmg (43), with the exception of the placenta and only recently has this organ 
been receiving more thorough histologic attention (v t under Placental Hor- 
mones) 

Anterior lobe of the hypophysis Gonadotropic hormones No folbcular activity 
was found m the ovanes of hypophysectonuzed rats foUowmg the rejection of 
sera from patients with toxemia (5, 140) The effect noted was the same as that 
produced both by sera from normally pregnant women and by an extract of 
human placenta (140) The results supported Phflipp’s (112) demonstration 
that the hypophyses of pregnant women are gonadotropically reactive, so far as 
the ovanes of rodents are concerned, and indicated further that patients with 
toxemia do not differ m this resp)ect from normal The anatormcal studies re- 
viewed by Dieckmann (44) did not suggest that the antenor lobe is pnmanly at 
fault m eclampsia 

Thyrotropic hormone Bonilla and Kramann (19) extracted a substance with 
properties similar to those of the thyrotropic hormone from the urme of piatients 
with eclampsia They did not obtain it from the urine of no rmal pregnant 
women 

Adrenotropic hormones Fauvet and Mtinzner (58) reported subnormal 
corticotropic hormone levels re seven ^of eight women with severe toxemia 
Posterior lobe of the hypophysis From a perusal of the hterature and then 
own studies, Dieckmann (44), Dexter and Weiss (43) and Browne (26) concluded 
that the secretions of this gland are not implicated etiologicaUy m pre-eclampsia 
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Fekete and others (59, 195-197) found that postenor-Iobe hormones were 
inactivated when mixed with serum from pregnant women Woodbury et al 
(208) confirmed this and noted, moreoTCr, that the hypersensitivity of patients 
with toxemia to these hormones (pitressm and pitocm) was not associated inth 
a diminished ability of their blood to mactirate them Plasma pitocmase 
studies were made by Page (105) After establishing a cun'e of values through 
normal pregnancy, he found the enzyme -vvithm normal range m only 3 of 16 
women with toxemia , m 7 the values were high, m 6, low There was no cor- 
relation between the amoimt of enzyme and the seventy of the disease 
The THTBom gland Anselnuno and Hoffmann (75) presented evidence 
which they mterpreted as demonstratmg mcreased thyroid hormone, or a ma- 
terial with the same action, m the blood in normal pregnancy, the amount bemg 
enormously mcreased m eclampsia No toxemia occurred m Dans’ (41) eight 
patients with hyperthyroidism comphcated by pregnancj’-, but five of Kibel’s 
(82) nme similar cases developed pre-eclampsia 
It has been suggested that hypothyroidism maj’’ play a part m the production 
of toxemia of pregnancy (37, 38, 78, 109) Smce, accordmg to Dexter and 
Weiss (43), the clmical picture does not mdicate hypothyroidism, the basal 
metabohc rate m this condition is not at myxedematous levels, and the protem 
content of the edema fluid is extremely low, hypofunction of the thyroid gland 
cannot play a significant rfile m its causation 
The parathtboid glands “Many studies have been made of serum calcium 
m toxemic patients, but the consensus of opmion is that there are no significant 
changes m the total calcium or m any of its fractions m eclampsia or any of the 
other toxemias” (44) Patients with eclampsia and pre-eclampsia have been 
treated with parathyroid extracts (23, 24, 91) but without results sufficiently 
impressive to mdicate any specificity of the therapy 
Pancbeas Diabetes The mcidence of toxemia is greatly mcreased m 
diabetic patients (17, 44, 61, 63, 89, 199, 204) No one has elucidated the 
sigmficance of this 

The adrenal glands Fauvet and Mtinzer (58) found the adrenals small 
m six women who died of eclampsia, the weight of the two glands bemg less than 
10 0 grams m all In normal pregnancy the adrenal cortex is markedly m- 
creased, due to an increase m size and m fat content of the cells of the zona 
fasciculata, so that the adrenals are larger than m non-pregnant mdividuaJs, m 
whom these glands weigh 12 to 15 5 grams (8) 

The adrenal medulla The mjection of epmephrm mto patients with toxemia 
was foimd to cause a reversal of the usual blood'^ressure response, mz , a drop 
instead of a rise (33, 92) Macchiarulo (95) recorded that an excess of epmephrm 
m the blood was usually present m eclamptic women and to this he attnbuted 
m part convulsions, vascular contractions and hypertension 

The adrenal cortex The results of research on the adrenal have been reviewed 
by Swmgle and Remmgton (176) but little has been done on any possible relation 
between adrenal function and toxemia of pregnancy Over-activity of the 
adrenals has been considered (26, 43, 181) Taylor et al (181) found m two 
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and eclampsia Their conclusion holds for pressor as well as antidiuretic ac 
tmty Kneger and Kilnngton (85) have more recentlj’’ survej’ed the conflicting 
literature concemmg the antidiuretic property of blood and toxemia and tested 
the blood of 303 women They foimd blood antidiuretic actmty in 29 to 41 per 
cent of the groups of patients studied and that the actmty in both normal and 
toxemic cases was related to labor and the early puerponum Therefore thej 
suggested that the contradictory results m the literature might be explained if 
considered m relation to the onset of labor 

Anltdiurelic substance in the urine Concentrates prepared from the unno 
of patients ivith toxemia were discovered to exert a marked antidiuretic effect 
which was not obtamed with sim i lar extracts from normal vomen m late preg- 
nancy (18, 43, 67, 84, 125, 183) According to some authors, this effect was not 
due to pitressm (67, 125) Furthermore, a principle resembling the unnarj’’ sub 
stance was found m larger amounts in the placentas of toxenuc women than in 
those of normal pregnancy (67) 

Melanophore-expanding principle Kilstner and Dietel (87) reported a sub- 
stance with this propert 3 '' m the blood and placentas of patients with eclampsia 
Ehrhardt (51) confirmed this Others have demonstrated this effect in the 
blood of toxemic women (6, 104) 

Effects of administered posterior pituitary extracts Chipman (192), Dieckmann 
and Michel (45) and Hofbauor (74) stated that the use of pituitao’’ exirocts in 
toxemia occasionally precipitates convulsions, Stander (174), refemng to reports 
m w'hich eclampsia appeared to ensue or become aggravated upon the injection 
of pituitnn, was of the opmion that the routme use of pituitary extracts m mnnj’ 
clmics, wuthout appreciably mcreasod incidence of eclampsia, indicated that such 
observations ivere comcidental In this connection, a number of patients with 
diabetes insipidus have been treated throughout pregnancy with posterior-lobe 
ex-tracts (44, 121, 138) without any alarming developments The following is 
quoted from Dexter and Weiss (43) “Because patients with diabetes insipidus 
are especially sensitive to the antidiuretic effect of the jiostenor pituitai^' hor- 
mone, it IS worth notmg hero that usuallj' such patients show no sinking im- 
provement durmg pregnanej^ and that there havn even been instances m which 
diabetes msipidus appeared durmg pregnancy and disappeared after deliTCiy ’’ 

Dieckmann and Michel (45), hownver, and others (25, 88, 104, 128, 187, 203) 
demonstrated an mcreased susceptibility of toxemic individuals to posterior 
pituitary ex-tracts, a much higher and longer-lastmg nsc of blood pressure 
resultmg Moreov'cr, Browne (25), usmg the cold pressor test and injecting 
tonephnn (pitressm), noted that the hj-pcrsensitivit^ of pro-ecIamptic women 
to this hormone persists dunng the puerponum, bemg found as late as the two 
hundred thirtj -fifth day He also noted a similar cold pressor test hj-per- 
sensitmty to pitressm m normal puerperal women as late as the twentieth iiy 
From further studies he conclud^ (20) that the high reaction to pressor sub- 
Btances m pre-eclamptic toxemia is not due to predisposition but to somethmg 
acquired durmg pregnnncj and seerainglj after the third month 

Inactivating poiccr of the blood of pregnant tromcn upon pilocin and pitressm 
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Placental hormones Chorumic gonadotropin A gonadotropic factor in 
the unne of pregnant women vrsa discovered by Ascheim and Zondek (7) 
That it differs from gonadotropic hormones of antenor pituitarj'' ongm v'as 
demonstrated by Evans el al (56, 57) By tissue culture technic, Gey el al 
(62, 81) showed it to be a placental product, probably from the cytotropho- 
blast The histochemical studies of Wislocki and Bennett (206) also mdicated 
that the cytotrophoblast of the chononic ^nlb is responsible for its secretion 
These latter mvestigators also pomted out that the growth and acti\nty of the 
cytotrophoblast are roughly m accord with the previosuly established curves of 
gonadotropic content m blood and urme throughout gestation (27, 55, 134, 142, 
161, 209) Chononic gonadotropm, or CG, is now the generally accepted 
appellation for the hormone 

Ehrhardt (52) reported positive tests for gonadotropic hormone m the cerebro- 
spmal fluid of eclamptic and pre-eclamptic women, but normal titers m their 
blood and unne, and concluded therefrom that the gonadotropic activity of the 
antenor pituitary was high m toxemia of late pregnancy Excessive gonado- 
tropic hormone m the blood and unne of patients with toxemia v^as first reported 
by Smith and Smith (137-139), who demonstrated also that the placentas of 
of toxemic patients contamed more than could be recovered from those of 
normal pregnancy and that the high gonadotropic titer of blood and placenta 
in toxemia was not accountable to pituitary gonadotropes (140) High CG in 
the blood and unne of women with toxemia has been confirmed (5, 21, 70, 119, 
134, 185), as -well as the evidence for its placental ongm (5) It has been shown, 
however, not to be demonstrable m all cases, not to bear any direct relation to 
the seventy of the disease and to be associated also with stillbirth and premature 
dehvery m the absence of toxic signs (120, 145, 148, 171, 193) Browne, Henry 
and Vennmg (29) could make no correlation between elevated CG and late 
pregnancy toxemia Taylor and Scadron (180) and Cohen, Wilson and Brenan 
(34) found only a shght correlation The latter mvestigators studied 119 
pregnancies and based their conclusion on the fact that, although 44 per cent of 
toxemic patients had high serum CG, elevated levels were also present m 15 
per cent of normal dehvenes Other studies (120, 148, 161, 171) have mdicated 
that elevation of CG durmg the last month before labor is a nonnal phenomenon 
This may explam the high values m nonnal late pregnancy which disturbed 
Taylor and Scadron and Cohen el al 

Smith and Smith, m 1934 (138), noted a marked rise of serum CG early m the 
third tnmester m a woman who later developed pre-eclampsia They have 
smce performed repeated analyses for serum CG upon 117 women durmg the 
last tnmester to detennme whether or not accidents of late pregnancy could be 
predicted by an abnormal nse m this factor (139, 144r-146, 148, 161, 171) 
(Smce the mcidence of late pregnancy accidents was known to be high m patients 
with diabetes, 68 of the above number were chosen for study because they had 
diabetes ) In all of 42 women whose pregnancies progressed and tennmated 
normally, serum CG was at a low and umform level between the twenty-fourth 
and thirty-sixth weeks, any nse after the thirty-sixth week bemg considered 
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cases of toxemia after deliTCry “a pronounced divergence of the sodium and 
potassium hues ivhich might mdicate a return to normal from a previous con- 
dition of relatively low potassium and high sodium storage " “ITiis could on 
theoretical grounds have been produced by hyperactivity of the adrenal cortex " 
Agamst this new, however, they pomted out their observation of potassium ns 
well as sodium retention m toxen\ia, whereas lowered serum potassium and a 
high excretion rate are characteristic of adrenal hyperactinty Interesting 
m this connection are reports concemmg two patients with Addison’s disease 
compheated by pregnancy (127, 211) w'ho went through essentially unenintful 
gestations while under treatment with sodium chlondc and cortical extract 

Although urmaiy corticoids and ketosteroids have been determined during 
normal pregnancy (188, w'hich mcludes references to the work of others on 
ketosteroid excretion m pregnancy), they have not been studied m relation to 
toxemia 

The ovaries Toxemia has not been stated to have occurred m patients 
whose pregnancies contmued after the early rcmoi^al of the corpus lutcum or of 
both ovanes (2, 4, 8, 22, 28, 44, 49, 50, 79, 118, 123, 167, 177, 191) This may not 
be mterpreted to mean that toxemia has newr developed m such patients On 
the other hand, smee a fairl}-- large number of such cases has been reported, it 
may be significant 

In presentmg their case of eclampsia associated with ovanan pregnancy, 
Pnde and Rucker (117) stated that it was the seianth recorded instance of 
toxemia in patients with pregnancies outside of the uterus 

The placenta For decades authors have ascribed toxemia of pregnancy to 
abnormal placental function The literature concerning this organ has been 
thoroughly coiared by the writers referred to m the first paragraph of this 
review I^now ledge of the placental hormones, howeiar, was only bcginnmg 
to be acquired dunng the penod they renew ed The following statements 
made by Dexter and Weiss (43) summanze their own conclusions and those of 
others on the probable significance of findmgs published before 1940 “The 
mam histological changes m toxemia are found m the placenta, liver, kidnej's 
and rctma The placental changes consist of a premature degeneration of the 
syncj'tium These lesions de\ elop early and may precede ci en the appearance 
of albummuna The present evidence points to the placenta as the ‘intra- 
utenne factor’ responsible for toxemm of pregnancj’’ Although the mechanism 
by which toxemia is produced is not known m its details, a chemical (hormonal) 
mechanism maj’- bo suspected with some justification Tlie clinical pre- 
disposmg factors disturb "the placental circulation, causing sccondar}’’ dc- 
gcneratn'c changes (premature ageing) The obsciwations rciiorted bj us and 
others regardmg the origin of the edema of pregnancy mdicate that the 
abnormalities in water metabolism dunng pregnanej are not duo to causes 
usualh foimd m the non-pregnant state A consideration of the xnrious possible 
ex-planations suggests specific factors which retain fluid in cells and tissue 
spaces Bi exclusion, endoenne factors such as exist in premenstrual edema 
and Cushing’s sjndrome can be •mspccted It is possible that the placenta 
« . A oTtrl nicft n \*nc:<v*nnslnctor milxjf >> 
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failed to reveal any decbne of pregnanediol before labor, but Lyon (94), re- 
porting results on 68 patients whose labors were spontaneous, determined a 
peak of pregnanediol excretion about two weeks before delivery, followed by 
decreasing ^'alues and then a precipitous drop for five to seven dal’s prepartum, 
regardless of whether labor was premature, at term or postmature 
Smith and Smith (135, 136), m then: earhest studies of estrogen and pro- 
gesterone metabolism, discovered that progesterone decreased the destruction 
of both admmistered and secreted estrogen Their fimdmg of low estrogens m 
toxemia (r t ) led them to suspect, therefore, that progesterone might also be 
deficient (139, 161) Smith and Kennard (152) attempted to compare the 
progesterone content of normal and toxemic placentas Although there was 
evidence of deficient progesterone m half of the placentas from untreated toxemic 
patients, the method used was not sufiBciently accurate to warrant definite 
condusions In 1938 three groups of mvestigators, workmg mdependently, 
reported low values for urmary pregnanediol m toxemia of late pregnancy 
(29, 144, 194) This has been confirmed (11, 13, 146, 148, 180) There is 
general agreement, howeier, that the abnormahty is revealed only by comparmg 
the averages of normal with those of toxemic pregnancy Cope (39, 40) did not 
find it m 10 women with late pregnancy toxemia and Ham (66) obsen’ed exces- 
sively high urmary pregnanediol m 1 patient with seiere pre-edampsia 
Smith and Smith (148) pomted out the wide range of normal values and 
conduded that the curve of pregnanediol excretion as pregnancy advances is 
more mportant than the actual level at any given time In 14 normal pregnan- 
cies they found progressively mcreasmg values, with min or fluctuations, between 
the twenty-eighth and thirty-sudh weeks, whereas, m 21 patients with toxemia 
the values steadily decreased durmg this time, with one exception, m a patient 
whose toxemia became self-corrected durmg the penod of observation In two 
women studied pnor to the onset of toxic signs, urmary pregnanediol progres- 
sively dimmished for four weeks before any dmical abnormality was apparent 
These mvestigators have studied the relationship between progesterone and the 
urinary excretion of estrogen metabolites (v i Metabolism of the estrogens) and 
behew that measurement of the latter, though more labonous, provides more 
information concemmg secreted progesterone than does the determmation of 
urmary pregnanediol In all of 50 patients studied by them prior to the de- 
velopment of toxemia, premature delivery or mtrautenne death, evidence for a 
progressive deficiency of progesterone before as well as durmg the clmical 
abnormality was acquired (144, 146, 148, 149, 171, 172) White and Hunt (202) 
utflized pregnanediol deteimmations as a prognostic test m 60 diabetic women 
of whom 43 were receivmg therapy with estrogen and progesterone Of the 
untreated patients, 12 had normal curves of pregnanediol excretion and normal 
pregnancies with hve births, though two of the babies died after dehvery Of 
the five untreated women whose pregnanediol excretion was decreasmg between 
the twent 3 '’-fifth and thirty-sixth weeks, three developed toxemia, one dehvered 
prematurely and the fifth showed no clmical abnormality before bemg dehvered 
by Cesarean section m the thirty-fourth week Rubm, Dorfman and MiUer (120) 
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pnor to the thirtj^-SLxth week, 45 developed to\einia, eight deln ered prematurely 
and three had their babies die in vtero On the other hand, 19 patients in ivhom 
no abnormal elevation of serum CG was detected developed late pregnancy 
complications Nme had stillbirth or premature dehTCiy and 10 developed 
toxemia They concluded that, although an abnormal rise of this hormone m 
the blood prior to the last month of pregnancy warrants the prediction of later 
trouble, it gives no mdication of the tj^pe or se^ enty of the accident and, further- 
more, that accidents may occur without any wammg so far as a nsc of CG is 
concerned 

High serum CG prior to the appearance of toxic signs was reported by Eakoff 
(119) m two of three patients White et al (200-203) performed repeated 
analj-ses for serum CG as a prognostic test m patients with diabetes complicated 
b3'' pregnancj' In 1945 she (200) summanzed results concemmg 181 such 
women The studies on the first 33 of her patients were performed by Smith 
and Smith (144, 145, 161), therefore these cases were mcluded vath the 117 
just analysed (as) Her results agreed with the Smiths’ m that an abnormal 
rise of serum C^ was always followed by clmical abnormalities and the level of 
hormone was consistently lov m uncomplicated pregnancies She failed to 
confirm, however, the fauly high mcidence of late pregnancy accidents observed 
by the Smiths m patients vhose serum CG did not become abnormally elevated 
Only one of her 52 patients mth normal CG lei els developed toxemia, none 
delii'ered prematurely and only 2 lost their babies Rubin, Dorfman and 
Miller (120) followed serum CG dunng the last trimester in 5 diabetic patients, 
one of whom had normal CG levels and an uncomplicated pregnancy, 2 of w’hom 
developed toxemia, 1 wath and 1 without high CG, and 2 of whom had fetal death, 

1 with and 1 \nthout elevated CG 

ProgesUrone Progestational activity has been repeatedly detected m extracts 
of human placenta (1, 53, 54, 65, 101, 152) Since histochemical studies (42, 
206) mdicate that the chononic sj-ncytium elaborates steroids, progesterone is 
probablj' secreted by these cells The demonstration that pregnanediol glu- 
curonidate is an excretorj- product of progesterone (190) and the dciTilopment 
of a method of quantification (189) led to extensive studies concerning the 
unnarj' excretion of this compound in normal and toxemic pregnancy In 
normal pregnanej' the amount mcreases from aroimd 10 0 mgm daily at one 
month to between 60 0 and 130 0 mgm daily shortly before term and practically 
disappears mthm 24 hours of dehverj (10, 12, 28-30, 32, 66, 80, 144, 146-148) 
The corpus luteum has been removed in pregnancy mthout more tlian slight 
and temporarj' alteration m the excretion of pregnanediol (28, 79) Browne and 
his associates (30) noted jiealang of pregnanediol excretion at approximately 
four-week mtennls dunng pregnancy This was also obscmxi by South and 
Smith (146), who found m indmdual cuiwes the final and highest peak about 
t\\ o weeks before term, this being followed bj" decreasing i alucs before and dunng 
labor (147) A prepartum drop m pregnanediol was also noted by others 
(10, 12, 13, 66) Studies bj' Stm-cr and Pratt on 5 patients (175), bj' Wilson, 
Randall and Osterberg on 1 patient (205) and bj Bachman on 6 women (9) 
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failed to reveal any declme of pregnanediol before labor, but Lyon (94), re- 
portmg results on 68 patients whose labors were spontaneous, determined a 
peak of pregnanediol excretion about two weeks before delivery, followed by 
decreasing values and then a precipitous drop for five to seven days prepartum, 
regardless of whether labor was premature, at term or postmature 

Smith and Smith (135, 136), m their earhest studies of estrogen and pro- 
gesterone metabolism, discovered that progesterone decreased the destruction 
of both administered and secreted estrogen Their findmg of lov estrogens m 
toxemia (vt) led them to suspect, therefore, that progesterone might also be 
deficient (139, 161) Smith and Kennard (152) attempted to compare the 
progesterone content of normal and toxemic placentas Although there was 
evidence of deficient progesterone m half of the placentas from untreated toxemic 
patients, the method used was not sufficiently accurate to warrant definite 
conclusions In 1938 three groups of mvestigators, vrorkmg mdependently, 
reported low values for unnary pregnanediol m toxemia of late pregnancy 
(29, 144, 194) This has been confirmed (11, 13, 146, 148, 180) There is 
general agreement, however, that the abnormality is revealed only by comparmg 
the averages of normal with those of toxemic pregnancy Cope (39, 40) did not 
find it m 10 women with late pregnancy toxemia and Ham (66) observed exces- 
sively high unnary pregnanediol m 1 patient with severe pre-eclampsia 
Smith and Smith (148) pomted out the wide range of normal values and 
concluded that the curve of pregnanediol excretion as pregnancy advances is 
more mportant than the actual level at any given time In 14 normal pregnan- 

cies they found progressively mcreasmg values, with mmor fluctuations, between 
the twenty-eighth and thirty-sixth weeks, whereas, m 21 patients with toxemia 
the values steadily decreased durmg this time, with one exception, m a patient 
whose toxemia became self-corrected durmg the penod of observation In two 
women studied pnor to the onset of toxic signs, urmary pregnanediol progres- 
sively diminished for four veeks before any clmical abnormality was apparent 
These mvestigators have studied the relationship between progesterone and the 
unnaiy excretion of estrogen metabobtes (v i Metabolism of the estrogens) and 
bebeTO that measurement of the latter, though more labonous, provides more 
information concemmg secreted progesterone than does the determmation of 
unnary pregnanediol In all of 50 patients studied by them pnor to the de- 
velopment of toxemia, premature delivery or mtrautenne death, evidence for a 
progressive deficiency of progesterone before as ivell as durmg the clmical 
abnormality was acquired (144, 146, 148, 149, 171, 172) White and Hunt (202) 
utflized pregnanediol determmations as a prognostic test m 60 diabetic women 
of whom 43 were receivmg therapy with estrogen and progesterone Of the 
imtreated patients, 12 had normal curves of pregnanediol excretion and normal 
pregnancies with bve births, though two of the babies died after deb very Of 
the five untreated women whose pregnanediol excretion was decreasmg between 
the twenty-fifth and thirty-sixth weeks, three developed toxemia, one debvered 
prematurely and the fifth showed no clmical abnormality before bemg debvered 
by cesarean section m the thirty-fourth week Rubm, Dorfman and Miller (120) 
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noted dmamished excretion of pregnanediol pnor to toxemia m two of their 
diabetic patients but failed to find this abnonnabty m two others whose babies 
died, one in utero and the other after delivery 

The estrogens Estrogenic substance was first demonstrated m the human 
placenta by Fellner (60) This has been adequately confirmed (3) In 1927, 
Aficheim and Zondek (7) discovered the great concentration of estrogenic ma- 
tenal m the urme of pregnant 'women, and Margaret Smith (167) found m- 
creasmg amounts of it m the blood throughout human pregnancy Removal of 
the corpus luteum or of all ovarian tissue as early as the sixth to eighth week of 
pregnancy has been shown not to mterrupt gestation (2, 4, 8, 22, 28, 49, 50, 79, 
118, 123, 167, 177, 191) or the contmued elaboration of estrogen (2, 4, 22, 118, 
123, 167, 191) The concentration of estrogens m the placenta, their contmued 
excretion after ovanectomy,and the prompt cessation of excretion after delivery 
contnbute to the generally accepted tenet that the placenta forms estrogens, 
the site of formation bemg likely m the syncytial cells of the chonomo villi 
(42, 206) 

Estrogemc activity m the serum is relatively low imtil after the second month 
of normal pregnancy It mcreases rapidly thereafter, the highest values bemg 
acquired durmg the last month (138, 139, 167, 161) Quantification of blood 
estrogen is not satisfactory because of still unsolved technical diflBoulties The 
discovery that all but a small part of urmary estrogen is m combmed forms, 
relatively mactive biologically and insoluble m water-immiscible organic solvents 
(20, 36, 90, 141, 210) made earlier studies of estrogen excretion only roughly 
sigmficant Subsequent mvestigations, m which hydrolysis and improved 
methods of extraction were used, yielded more accurate and significant results 
and established that the total estrogenic potency of the urme rises before the 
first missed period (100, 142), mcreases gradually and then markedly durmg 
pregnancy, reachmg a peak m the last month, and diminishes rapidly pnor to 
the onset of labor, becoming negbgible withm three days after dehvery (9, 27, 29, 
36, 46, 66, 93, 98, 134, 144, 146-148, 164, 161) 

Low levels of estrogen m the blood, urme and placentas of most patients with 
toxemia of late pregnancy were first reported by Smith and Smith (137-140, 
161) This findmg, as regards the urme, has been confirmed by nearly all m- 
vestigators (29, 93, 119, 120, 124, 134, 144, 146, 148, 149, 170, 171, 180, 193) 
There is, however, general agreement that m mdividual cases values withm or 
even above the normal range often are obtamed Heim (70) reported high and 
TTn.in (66), m one case, very high urmary estrogen m toxemia, and normal blood 
values have been desenbed (16) Shute (129-133), usmg antiproteolytic pouer 
of serum as a gauge of its estrogen content, claimed both high and low estrogen 
m toxemia As with urmary pregnanediol, the curve of excretion m each 
mdividual is thought by the Smiths to be more important than the actual level 
at any one tune This is apparent m their curves for total estrogen of blood and 
urme m diabetic and non-diabetic women (161) Seven who developed toxemia 
or had premature delivery failed to show the marked mcrease of estrogen m 
blood and urme between the sixth and eighth months that charactenzed the 17 
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normal curves In their later studies, m which unnary estrogen was separated 
mto estradiol, estrone and estnol and the ralues converted from rat units mto 
miUigrams, a progressu'e decrease of total estrogen was demonstrated before 
and dunng toxemia, premature deliveiy and mtrautenne death m all of 50 
patients studied (144, 146, 148, 149, 171, 172) 

That decreasmg excretion of estrogens and pregnanediol before labor and late 
pregnancy toxemia actually reflects decreasmg secretion of placental steroids is 
mdicated by histological and histochemical studies of human placentas The 
syncytial degeneration which characterizes normal term placentas mvolves an 
almost complete disappearance of the lipoidal droplets associated with secretion 
of steroid hormones (42, 206, 207) In 1936, Tenney (184) discovered that 
syncidial degeneration similar to but more pronounced than that of term pla- 
centas IS of consistent occurrence m toxemic placentas He and Parker later 
(186), from an examination of 100 toxemic placentas, correlated the amount of 
syncidial degeneration with the seventy of the di^se and concluded that 
“placenta damage begins before chnical signs of the condition appear ” Wislocki 
and Dempsey (207) confirmed these observations in two toxemic placentas 
debvered m the fifth month, findmg histochemical, syncytial changes typical 
of the organ at term (They also noted a decrease of cytoplasmic basophilia 
and a premature mcrease of phosphatases suggestmg a possible disturbance of 
nudeoprotem metabolism m this disease ) Histological and histochemical 
evidence, therefore, substantiates the above hormonal evidence, pomtmg to a 
premature agmg of the placenta m toxemia and therefrom a premature deficiency 
m the secretion of progesterone and estrogen An actual deficiency, then, of 
estrogen and progesterone, rather than any renal retention or change m con- 
jugation to account for the low unnary levels, apjjears to be well established 
The theory mtroduced by a number of workers (12, 29, 66, 179, 180, 182) that 
toxic signs, particularly changes m electrolyte balance and water retention, are 
due to high levels of these steroid hormones must, therefore, be discarded 
Smith and Smith (145) m s umma rizing and evaluatmg then findmgs on CG 
m the blood and unne dunng normal and toxemic pregnancy, postulated uti- 
lization of this hormone m the placenta for the production of estrogen and 
progesterone They had noted that the precipitous decrease m CG of blood 
and unne at around the twelfth week of normal pregnancy was accompanied by 
a marked mcrease m estrogen excretion (142) and that the prepartum decrease 
m estrogen excretion comcided with a nse m serum CG (154, 161) This same 
reciprocal relationship between CG and estrogens had been observed m late 
pregnancy toxemia (144, 161), suggestmg to them that an abnormal elevation 
of serum CG m this condition and at term reflected faihng utilization To 
explam the absence of elevated serum CG m some patients with toxemia, they 
postulated an actual decrease m the secretion of this factor from placental 
damage In support of these hypotheses is the foUowmg more recent evidence 
The cytotrophoblast and its more differentiated derivatives, the cells of Langhans, 
are the hkely source of CG (81, 206) It is weU known that the Langhans cells 
become fewer m number as pregnancy advances and are practically absent m 
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noted diminished excretion of pregnanediol pnor to toxemia m two of their 
diabetic patients but failed to find this abnormality m two others whose babies 
died, one m utero and the other after delivery 

The estrogens Estrogemc substance was first demonstrated m the human 
placenta by FeUner (60) This has been adequately confirmed (3) In 1927, 
Ascheim and Zondek (7) discovered the great concentration of estrogenic ma- 
tenal m the urme of pregnant ‘women, and Margaret Smith (157) found m- 
creasmg amounts of it m the blood throughout human pregnancy Removal of 
the corpus luteum or of all ovarian tissue as early as the sixth to eighth week of 
pregnancy has been shown not to interrupt gestation (2, 4, 8, 22, 28, 49, 50, 79, 
118, 123, 167, 177, 191) or the contmued elaboration of estrogen (2, 4, 22, 118, 
123, 167, 191) The concentration of estrogens m the placenta, their contmued 
excretion after ovanectomy,and the prompt cessation of excretion after dehvery 
contnbute to the generally accepted tenet that the placenta forms estrogens, 
the site of formation bemg likely m the syncytial cells of the chonomc villi 
(42. 206) 

Estrogemc activity m the serum is relatively low imtil after the second month 
of normal pregnancy It mcreases rapidly thereafter, the highest values bemg 
acquired durmg the last month (138, 139, 157, 161) Quantification of blood 
estrogen is not satisfactory because of still unsolved technical difiSculties The 
discovery that all but a small part of urmary estrogen is m combmed forms, 
relatively mactive biologically and msoluble m water-immiscible organic solvents 
(20, 36, 90, 141, 210) made earlier studies of estrogen excretion only roughly 
sigmficant Subsequent mvestigations, m which hydrolysis and improved 
methods of extraction were used, yielded more accurate and significant results 
and established that the total estrogenic potency of the urme rises before the 
first missed period (100, 142), mcreases gradually and then markedly durmg 
pregnancy, reachmg a pieak m the last month, and dimmishes rapidly prior to 
the onset of labor, becommg neghgible withm three days after dehvery (9, 27, 29, 
36, 46, 66, 93, 98, 134, 144, 146-148, 164, 161) 

Low levels of estrogen m the blood, urme and placentas of most patients with 
toxemia of late pregnancy were first reported by Smith and Smith (137-140, 
161) This finding, as regards the urme, has been confirmed by nearly all m- 
vestigators (29, 93, 119, 120, 124, 134, 144, 146, 148, 149, 170, 171, 180, 193) 
There is, however, general agreement that m mdividual cases values withm or 
even above the norm^ range often are obtamed Heim (70) reported high and 
Ham (66), m one case, very high urmary estrogen m toxemia, and normal blood 
values have been descnbed (16) Shute (129-133), usmg antiproteolytic power 
of serum as a gauge of its estrogen content, claimed both high and low estrogen 
m toxemia As with urmary pregnanediol, the curve of excretion m each 
mdividual is thought by the Snuths to be more important than the actual level 
at any one time This is apparent m them curves for total estrogen of blood and 
urme m dmbetic and non-diabetic women (161) Seven who developed toxemia 
or had premature dehvery failed to show the marked mcrease of estrogen m 
blood and urme betv-een the six-th and eighth months that characterized the 17 
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to be denved from reduction into acti\^ forms of estrogenicallj' mactive o-adation 
products of the estrogens Smce the precursors of this additional potency have 
not yet been identified, this deduction is based largelj’- upon circumstantial 
evidence The procedure, hovrever, seems to provide a gauge of the rate of 
oxidation of estrogens mtlun the body (155, 156, 162, 173) Usmg this method 
in conjunction mth the separate assay of estradiol, estrone and estnol fractions, 
they strengthened the endence that progesterone decreases the rate of estrogen 
inactivation, by facilitatmg the coni'ersion of estrone, which is rapidly macta- 
vated in vivo, to estnol, which is much less readily destroyed, according to 
recoverj’’ experiments (126, 156) Their results also mdicated that the destruc- 
tive mechanism inhibited by progesterone is an oxidative one related largely to 
the reversible estradiol to estrone reaction Thus m the presence of adequate 
progesterone 

estradiol estrone 1 estnol 

I 

4 * 

oxidation products, 

whereas, when progesterone is deficient, 

estradiol < - estrone >• estnol 

i 

oxidation products 

In applying these methods to the study of estrogen and progesterone metabo- 
lism m both pregnant and non-pregnant women, they v ere led to the concept 
that estrogemcaUy mactive oxidation products of the reversible estradiol to 
estrone reaction, rather than estrogens per se, stimulate the production of 
estrogen and progesterone, this bemg accomplished m the non-pregnant woman 
through release of pituitary gonadotropes and m pregnancy through mcreased 
utilization of CG (147, 148, 150, 156, 166, 171, 173) This concept was strength- 
ened by the experimental demonstration, 1, that a lactone produced from crystal- 
hne estrone by oxidative inactivation (198) causes release of pitmtary 
gonadotropes, whereas, estrone has this property only under conditions mvolvmg 
rapid inactivation in vivo (158-160), 2, that dieth 3 ’’]stilbestroI behaves like the 
estrone-lactone (163) and, 3, causes mcreased excretion of pregnanediol together 
with a drop m serum CG m pregnant women (168, 172) 

In 38 untreated pregnancies the Smiths performed repeated urmalyses for 
estradiol, estrone, estnol and the additional estrogenic potencj'" recoverable 
after Zn-HCl hydrolysis (148, 150, 171) Biological assay was used and the 
Zn-HCl activity mterpreted as a gauge of the rate of oxidative mactivationof 
the estrogens in vivo All of these women were studied from early m the third 
trimester to dehvery Of the 23 (see second paragraph below) who developed 
pre-eclampsia or eclampsia or had mtrauterme death or premature dehvery 
durmg the penod of observation, three had been followed durmg the second 
trimester also In 6 of the 15 normal pregnancies analyses were performed 
from the twelfth week to term In normal pregnancy the percentage of total 
estrogens accountable to estnol was found to mcrease steaddv, with mmor 
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term placentas There is no increase of cj^otrophoblast in toxemic placentas 
(72, 207) And, finally, in two such placentas delivered m the second trimester 
Wislocki and Dempsey (207) found premature regression of the Langhans cells 
as well as the syncytium As pregnancy contmues, therefore, whether normal or 
abnormal, there is no proliferation of the cells which probably secrete CG to 
account for high values at term and m toxemia but rather, if anythmg, a de- 
generation In view of the histochemical and hormonal findmgs pomtmg to 
decreased sex steroid production at term and m toxemia, then, it seems possible 
that failmg utilisation of CG accounts for the larger amounts of it m the circula- 
tion at these times and that decreased elaboration as well as faihng utihzation 
account for the normal serum values sometimes acqmred This concept was 
further corroborated recently (168) by a comparison of hormonal values and 
placental pathology m the same patients 
Metabolism of the estrogens Certam changes m the partition of unnary 
estrogens and in the excretion of what appear to be estrogen metabolites have 
been found to precede and accompany the onset of labor and of late pregnancy 
toxemia In order to evaluate the significance of these, a bnef review on the 
subject of estrogen metabolism is m order 
Three estrogens have been identified m the unne of pregnant women estrone 
(31, 48), estnol (47, 96) and a estradiol (77, 153) Of these, a estradiol is 
commonly regarded as the primary estrogen m humans from which the others 
are denved Maman (97) suggested that estnol may also be secreted by the 
human placenta In 1937 Pmcus and Zahl (116) mjected the three estrogens 
separately mto rabbits under varymg conditions and detenmned their subsequent 
unnary excretion by separation and colonmetnc assay They concluded, as 
had been previously demonstrated both m rabbits and women (135, 136) that 
progesterone mcreases the amount of estrogen excreted, probably by mhibitmg 
destruction Moreover, their results mdicated the foUowmg scheme of con- 
version withm the animal body a estradiol ^ estrone —* estnol, the estrone to 
estnol reaction bemg facihtated by the presence of progesterone That the 
same metabolic relationships pertam m women seems likely from the studies of 
Smith and Smith and their associates (144, 146-149, 155, 166, 170, 173) and 
those of Pmcus and his associates (113-115) These conclusions are based 
entirely upon colorimetric (Pmcus) and biological (Smith and Smith) assay of 
the three estrogens separated by admittedly imperfect methods Chemical 
confirmation of them m man, however, ivas at least partially acquired by the 
isolation of a estradiol and estnol m the unne followmg estrone admmistration 
(110, 111) and of estrone after the admmistration of a estradiol (68, 69) 

All mvestigators have been impressed by the small percentage of mjected 
estrogen recoverable m the unne under any conditions Numerous attempts 
have been made to isolate compounds m human unne which could be identified 
as products of the endogenous mactivation of the estrogens but none of them has 
been successful Smith and Smith (143) evolved a method of Zn-HQ hydrolysis 
of human urme which results m much more estrogenic activity than can be 
accounted for by the known estrogens present The additional activity appears 
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ation Antli resultant absorption of toxins from degenerated placental tissue, 
Patterson et al (109) administered thjToid as a preventne measure The 
clmical results reported by them and others (38, 64, 78, 86) "noth thjTOid or 
lodme haTC not mdicated speci6city of therapy As stated above, Dexter and 
Weiss (43) concluded that hypofunction of this gland cannot play a significant 
r61e m the causation of late pregnancy toxemia 

The adrenal glands Parks (106, 107), assummg that the upset of sodium and 
potassium m toxemia is due to excessive hormones from the fetal adrenal glands, 
reported the control of edema by iiotassium m patients who had not responded 
to a lovr mtake of sodium chlonde 

Progesierone Robson and Paterson (108, 122), from experiments with 
rabbits, concluded that the toxic condition from the uterus might be due to a 
failure of placental nutntion followmg removal of luteal secretion and descnbed 
encouragmg clmical results from small amoimts of progesterone given early m 
the disease These were not consistently achieved by others (14, 99, 103) 

Estrogens Shute (129-133), on the basis of a blood estrogen test devised by 
himself, classified toxemic patients mto tvo groups, those with low estrogen 
(true pre-eclampsia and eclampsia) and those mth high estrogen The former 
he treated with estrogen and the latter with ntamm E, vath satisfactorj’’ control 
of both There are not reports m the literature of attempts to 'confirm the 
specificity of his test or his therapeutic results 

Testmg their hypothesis that oxidation products of the estrogens cause 
utilization of CG for the placental secretion of its steroids, Smith and Smith 
(168, 172) mvestigated the effect of preventive treatment with diethylstilbestrol, 
this drug bemg employed because oxidation products such as estrone-lactone 
(vs) were not available m sufficient amoimts and because experiments (163) 
had mdicated a supenonty of diethylstilbestrol for this purpose Two diabetic 
patients with bad obstetncal histones were studied both durmg treatment and 
control penods and the placenta of one exammed histologically From the 
results, utilization of C!G was enhanced and a premature agmg of the placenta 
m steroid secretion, as well as late pregnancy comphcations, were averted They 
(168) demonstrated that, once toxemia is evident, therapy with dieth 3 dstilbestrol 
IS not likely to stimulate secretion of placental steroids or have any clearly 
favorable effect on the disease, smce an excess of endogenous oxidation products 
pertains bj^ this time and is unable itself to brmg on renewed secretory activity 
m the already degenerate syncytium * 

* Since this paper went to press, Davis and Fugo (D AXIS, M E,andN W Fuoo Proc 
Soo Esper Biol and Med 6B 283, 1947) have reported experiments in which 60 to 200 mgm 
of diethylstilbestrol were administered daily by mouth starting at the fourth to tenth week 
of pregnancy and continued for 6 to 8 weeks This dosage is greatly m excess of the amounts 
recommended by Smith and Smith for early pregnancy (168, 172) In normal untreated 
pregnancy pregnanediol excretion increases steadily as pregnancy progresses, whereas the 
results presented by Davis and Fugo show no increase during the period of stilbestrol ad- 
ministration It seems possible that such large doses early in pregnancy might inhibit 
progesterone secretion through depressing the utiliration of CG, just as the prolonged 
administration of large doses to the non-pregnant woman are known to inhibit ovarian 
secretion tbrou^ depressmg pitmtaiy gonadotropic activity 
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fluctuations, reaching a peak at approximately two weeks before term At tbs 
time estrone was also high, whereas the proportion of activity accountable to 
estradiol was low, and the Zn-HCl values mdicated the lowest rate of oxidative 
inactivation found at any time of pregnancy These findmgs, together with the 
thirty-eighth-week peak m pregnanediol excretion were mterpreted as reflecting 
a maximum rate of conversion of estradiol to estrone to estnol and a TninTmnm 
rate of oxidative inactivation of the estrogens due to a high and balanced rate of 
secretion of estrogens and progesterone The subsequent prepartum drop m 
estnol and estrone accompanied by an mcrease m estradiol and m the rate of 
estrogen oxidation was mterpreted as reflectmg debreased conversion and in- 
creased destruction of the estrogens due to progesterone withdrawal as well as 
reduced secretion of estrogen Accordmg to their concept, (he syncytud de- 
generation of the placenta during these last weeks with decreasing secretion of steroids 
has its incipience at the time of the peak of estrogen and progesterone production and 
IS due to the deficiency at that time of oxidation products of the estrogens and hence 
a deficient utilization of CO Once syncytial degeneration is under way, they 
beheve, the process cannot be reversed, despite the mcreasmg ratp of estrogen 
inactivation (150, 168) 

Bachman (9), usmg colonmetno assay, is the only other mvestigator who 
separately measured estradiol, estrone and estnol m the unnes of pregnant 
women No one has performed Zn-HCl hydrolysis m conjunction with such 
studies, and Bachman’s mvestigations were limited to six normal pregnancies 
followed durmg the last trimester His findmgs agree with the Smiths’ as 
regards estradiol and estnol, but he failed to observe any prepartum drop m 
estrone 

Changes m estradiol, estrone and estnol and m the rate of estrogen mactivation 
similar to those durmg the last two weeks of normal pregnancy were consistently 
found by the Smiths to precede and accompany late pregnancy toxemia and 
associated accidents m the 23 abnormal cases studied durmg the last trimester 
the only difference bemg that when they take place prematurely they progress 
over a longer penod and become axaggerated to a degree normally attamed only 
after labor is well advanced In the three patients followed from earher m 
pregnancy there was urmary evidence of a premature peak m estrogen and 
progesterone secretion around the twenty-eighth week and a comparative 
defieiency of estrogen oxidation products throughout the second trimester These 
patients were diabetic ahd, as pomted out, the earlier hormonal abnoimahty may 
not precede the premature degenerative changes m the placental syncytium m 
all cases of late pregnancy toxemia Such a deficiency of oxidation products 
durmg the second tnmester, however, may be the predisposmg factor m a certam 
percentage of patients just as, according to their concept, a sunilar situation 
durmg the last weeks of normal pregnancy is responsible for faflmg utilization 
of CG and the prepartum wathdravnil of placental steroids 

Theories of etiology and attempts at treatment The thyroid gland 
On the theory that hypothyroidism accompanied by hypercholesteremia pro- 
duces placental arterial disease predisposmg to thrombosis, infarcts and degene- 
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changes resulting m naenstruation and for the similar but generahzed damage of 
late pregnancy toxemia This hypothesis is strengthened by theu* evidence for 
certam properties in the crrculatmg blood of women with toxemia similar to those 
of menstrual discharge, viz , pyrogemc and fibrmolytic activity,® precipitation by 
anti-canme necrosm rabbit serum and a pseudoglobuhn fraction capable of pro- 
longmg tie survival time of rats given a lethal dose of the toxic euglobuhn fraction 
of menstrual discharge (151, 165, 169), these properties bemg absent m normal 
pregnancy except dunng prolonged labor According to their theorj’’, the ma- 
ternal portion of the placenta, z e , the decidua, bemg endometrium, should be 
the source of the toxm (As such it could also be the cause of postpartum ec- 
lampsia ) A limited number of tests with specimens of decidua removed at the 
tune of cesarean section have revealed marked toxicity m those from pre-ec- 
lamptic and eclamptic patients (150) In their pubbcations, they have empha- 
sized the extreme labdity of the menstrual toxm (169) Failure to consider this 
possibihty may explam the failures of the past to demonstrate any specific or 
consistent toxicity m placentas from toxemic women Hertig (72) finds decidual 
necrosis and vascular thrombosis m relation to dehvery and toxemia 
Certam known mterrelationships between vascular supply, hormone production 
and tissue metabolism suggest that vanous conditions would brmg about a men- 
strual-hke phenomenon m the pregnant uterus In the section on the metabobsm 
of the estrogens (v s ) the Smiths’ data, suggesting that a deficiency of estrogen 
oxidation products durmg the second trimester might lead to premature syn- 
cytial degeneration was reviewed Decidual, like endometrial, catabolism would 
be expected to result from the consequent withdrawal of estrogen and proges- 
terone, with the production of toxm The toxm m turn, to judge from its action 
m experimental animals, would be expected to augment degeneration of the syn- 
cytium and even cause degeneration of the Langhans cells and cytotrophoblast, 
thus disturbmg hormone production even further 

Page (105-A) pomted out the possible rfile of placental ischemia m the patho- 
genesis of toxenua An adequate vascular supply to the placenta is contmgent 
upon an adequate production of estrogen and progesterone Conversely, the 
Smiths (147) showed that decreased blood supply to the placenta through uterme 
contractions depresses the secretion of the steroid hormones Decreased blood- 
supply to the uterme contents, such as might result from local mechamcal con- 
ditions or generahzed vascular situations, would be expected to result m degenera- 
tion not only of the syncytium but also of the decidua Furthermore, smce 
the pathological effect of menstrual toxm reflects vasoconstnction (151, 169), its 
release would m itself mterfere with vascular supply 

In the course of them studies, the Smiths (151, 164, 169) deduced that t 3 qies 
of mjury not related to withdrawal of hormonal support cause the release of a 
Eumlar if not identical toxin and acqmred evidence for its presence m human 
exudative material and m the cuculatmg blood of ivomen with damaged tissues 

* Fibnnolytic activity m tlie circulating blood o£ patients with late pregnancy toxemia 
has been confirmed (203 A) 
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Progesterone and estrogen On the basis of their evidence for a progressive 
deficiency of these two hormones before and durmg late pregnancy toxemia and 
associated accidents, the clmical and hormonological effect of replacement 
therapy was investigated by Smith and Smith (144, 146, 149, 170) As a 
preventive measure m patients m whom studies of blood and unne warranted the 
prediction of later trouble, the therapy was considered promismg but impractical 
The first 10 trials of preventive therapy with estrogen and progesterone m 
diabetic patients at the George F Baker Cbmc of the New England Deaconess 
Hospital were earned out by the Smiths and reported by them (144, 146), as 
well as by White and her associates (200-203) The latter contmued with this 
form of therapy and desenbed good results m 91 patients, particularly as regards 
reduction of fetal mortahty (200) There are no other publications concemmg 
the use of such therapy prophylacticaUy m either diabetic or non-diabetic 
patients, probably because of the expense mvolved The proph 3 dactic stimu- 
lation of placental secretion of sex steroids by diethylstflbestrol admmistration 
startmg pnor to any evidence of hormonal deficiency, now bemg mvestigated by 
Smith and Smith, would appear to offer a more physiological and practical 
approach 

Defimtive therapy of toxemia with estrogen and progesterone has been dis- 
appomtmg even when seemingly large amounts were given (144, 146, 149, 170 
179) Taylor (179) considered this to be evidence against steroid deficiency as 
solely responsible for the disease Smith and Smith (149) demonstrated some 
temporary alleviation of pre-eclampsia with estrogen and progesterone, but their 
hormonal findmgs mdicated that once toxic signs appear there is a rapid mcrease 
m the rate of destruction of administered as well as secreted hormones This 
phenomenon, as well as decreased secretion, they beheve, contnbutes to the low 
levels m toxemia With Taylor they consider the deficiency of estrogen and 
progesterone not to be the final precipitatmg cause of the toxemic syndrome 
Its umversal occurrence m all cases, however, as shown by hormonal and his- 
tological studies (vs) and the evidence that it precedes toxic signs imphcate it 
as an mtermediary and contnbutory factor 

Menstruation, and toxemia In the pubhcations covered m this review, the 
Smiths repeatedly referred to similanties between the phenomenon of menstrua- 
tion and toxemia of late pregnancy, the analogy havmg been suggested to them 
primarily because of their evidence from urmalysis for a hormonal situation be- 
fore and durmg menstruation entirely like that before and durmg late pregnancy 
accidents The similanty between premenstrual changes and toxemia were ob- 
served clmically by Dexter and Weiss (43), who stated further that so far as 
types of edema and symptoms are concerned there is a certam sunilanty m men- 
struation, normal pregnancy and toxenua The Simths (150) recently summa- 
rized their evidence that withdrawal of hormonal support from the pregnant as 
from the non-pregnant uterus results m the formation and release of a toxic 
metabohte of tissue catabolism hke the toxm they found in the menstruatmg 
endometnum The pathological effects of this toxm upon experimental anim als 
are such as to warrant the ifssumption that it is directly responsible for the local 
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changes resulting in menstruation and for the sunilar but generahzed damage of 
late pregnancy toxemia This hypothesis is strengthened by their evidence for 
certam properties m the circulating blood of women with toxemia similar to those 
of menstrual discharge, im , pyrogemc and fibrmobiac activity,* precipitation by 
anti-camne necrosm rabbit serum and a pseudoglobulm fraction capable of pro- 
longmg the survival time of rats given a lethal dose of the toxic euglobulm fraction 
of menstrual discharge (151, 165, 169), these properties bemg absent m normal 
pregnancy except during prolonged labor Adcordmg to their theory, the ma- 
ternal portion of the placenta, i e , the decidua, bemg endomelnum, should be 
the source of the toxm (As such it could also be the cause of postpartum ec- 
lampsia ) A limited number of tests with specimens of decidua removed at the 
tune of cesarean section have revealed marked toxicity m those from pre-ec- 
lamptic and eclamptic patients (150) In their pubhcations, they have empha- 
sized the extreme labihty of the menstrual toxm (169) Failure to consider this 
possibihty may explam the failures of the past to demonstrate any specific or 
consistent toxicity m placentas from toxemic women Hertig (72) finds decidual 

necrosis and vascular thrombosis m relation to delivery and toxemia 
Certam known mterrelationships between vascular supply, hormone production 
and tissue metabohsm suggest that various conditions would brmg about a men- 
strual-hke phenomenon m the pregnant uterus In the section on the metabolism 
of the estrogens (v a) the Srmths’ data, suggestmg that a deficiency of estrogen 
oxidation products durmg the second trimester might lead to premature syn- 
cybal degeneration was reviewed Decidual, hke endometnal, catabolism would 
be expected to result from the consequent withdrawal of estrogen and proges- 
terone, with the production of toxm The toxm m turn, to judge from its action 
m experimental animals, would be expected to augment degeneration of the syn- 
cytium and even cause degeneration of the Langhans cells and cytotrophoblast, 
thus disturbmg hormone production even further 
Page (105-A) pomted out the possible r61e of placental ischemia m the patho- 
genesis of toxemia An adequate vascular supplj' to the placenta is contmgent 
upon an adequate production of estrogen and progesterone Conversely, the 
Smiths (147) showed that decreased blood supply to the placenta through uterme 
contractions depresses the secretion of the steroid hormones Decreased blood- 
supply to the uterme contents, such as might result from local mechamcal con- 
ditions or generalized vascular situations, would be expected to result m degenera- 
tion not only of the syncytium but also of the decidua Furthermore, smce 
the pathological effect of menstrual toxm reflects vasoconstnction (151, 169), its 
release would m itself mterfere with vascular supply 

In the course of their studies, the Souths (151, 164, 169) deduced that types 
of mjury not related to withdrawal of hormonal support cause the release of a 
similar if not identical toxm and acquired evidence for its presence m human 
exudative matenal and m the circulatmg blood of women with damaged tissues 

’ Fibnnolytic activity in the circulating blood of patients with late pregnancy toxemia 
has been confirmed (203 A) 
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On this basis, damage of the chonomc epithehum might contnbute to the pro- 
duction of toxm 

Any one of a number of processes, therefore, might be primarily responsible 
for settmg off a cham of events leadmg to an overwhelmmg production of toxm 
and to toxemia of late pregnancy, unless dehvery of the uterme contents mter- 
vened Whatever the primary etiology, the final syndronfe would be the same, 
a VICIOUS circle m which decrease of vascular supply, hormonal deficiency and 
toxm formation were augmentmg one another 

Even m cases wherem a deficiency of oxidation products of the estrogens does 
not pertam durmg the second trimester, the prophylactic use of adequate dosages 
of stilbestrol, now bemg mvestigated by Smith and Smith may prove effective 
through mcreasmg uterme vascularity, both per se and by stunulatmg steroid 
secretion m the placenta Once the disease is cbmcally manifest, according to 
their findmgs, the vicious circle of the final syndrome is already established and 
the best hope of cuttmg m upon it, aside from dehvery of the products of concep 
taon, hes m neutrahzation of the toxm To mvestigate this possibihty, they (168) 
studied a few cases of pre-eclampsia to whom a crude preparation of their protec- 
tive pseudoglobuhn was experimentally administered Clmically the results 
could be considered no more than promismg Their prmcipal mterest hes m the 
theoretical imphcations which appear to uphold the above concepts 

The presence of a toxm m toxemia has always offered attractivepossibihties 
for explainmg the climcal syndrome Complete studies on the effects of men- 
strual toxm remam to be performed but experiments reported show that it causes 
edema and vasoconstriction and indicate that it produces damage of capillary 
endothehum as well as of tissues m general and has an antidiuretic effect (169) 
Dexter and Weiss (9) offered evidence for the existence of generahzed damage 
of the capillary endothehal system m toxemia That the toxm may be responsi- 
ble for the hypertension and protemuna of toxemia remains to be investigated 
Damage of the renal glomerular capillaries would explam the protemuna The 
hypertension may be the consequence of a number of effects of the toxm, renal, 
suprarenal, cerebral and direct upon blood vessels The antidiuretic substance 
in the placentas of toxemic patients (67) may be the toxin workmg directly or 
through pituitary stimulation (a i ) m the experimental animal The same ex- 
planation may apply as regards the melanophore-expandmg principle m the blood 
and placentas of patients with toxerma (87) That patients with toiJemia are 
hypersensitive to mjected postenor-Iobe hormones (v a Effects of Admmistered 
Postenor Pitmtary Extracts) suggests an effect superimposed on that of the toxm 
Smith and Smith (169) showed m rats that menstrual toxm causes the release 
of pituitary gonadotropic and adrenotropic hormones and beheve that it produces 
an “alarm” reaction mvolvmg quite possibly the release of other pituitaiy hor- 
mones Epmephrmemia m eclampsia (95) may reflect such an “alarm” reaction, 
and pitmtary stimulation may explam a number of observations made m pre- 
eclamptic and eclamptic patients, viz , unnary thyrotropic hormone (19), possibly 
the urmary antidiuretic substance (o s Antidiuretic substance m the urme), thy- 
roid hormone (75) and, particularly, the possibihty considered by some of over- 
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acfavity of the adrenal cortex (26, 43, 181) None of these abnormahties has 
been demonstrated pnor to the chnical onset of the disease 

SUMMAHT 

From the above it is apparent that the primary etiology of toxenua of late preg- 
nancy has yet to be determmed, that no defimti ve treatment has been rewarded with 
spectacular cure, such as usually occurs foUowmg dehvery of the products of 
conception, and that prevention of the disease by the administration of hormones 
has yet to be proven Certain aberrations from the normal m hormonal or hor- 
monal-hke findmgs and m placental morphology appear to be established m 
women with pre-eclampsia and eclampsia 1, excessive antidipretic substance m 
urme and placenta, 2, a melanophore-expandmg prmciple m the blood and pla- 
centa, 3, a hjrpersensitivity to the mjection of posterior pitmtary secretions, 4, 
high titers of chonomc gonadotropm m a large percentage of cases, 6, decreased 
excretion of estrogens and pregnanediol, and 6, histological and histochemical 
changes m the placenta simil ar to but more marked than those of the normal 
placenta at term and primarily mvolvmg degeneration of the syncytial cells which 
probably secrete the steroid hormones Of these established abnormahties, the 
last three are underway pnor to chmcal manifestatioiis and occur normally at 
term 

Synthesis That the pnmaiy etiology of toxemia may consist of a number of 
causes is suggested by the already famihar predisposmg factors such as essential 
hypertension, diabetes, pnimgravidity, hydatidiform mole, twins and hydram- 
mos The evidence at hand appears to establish premature semhty of the pla- 
cental syncytium and premature withdrawal of the placental steroid hormones 
as the final mtermediary pathology This disturbance, which occurs normally 
at term, must be brought about prematurely by the working of the primary eti- 
ology, which probably mvolves either an mtnnsic metabohe abnormahty affectmg 
the placenta or a decrease m blood supply to the placenta or both Smee the 
syncytial-steroid aberration from the normal characterizes all cases, it may logi- 
cally be assumed to be contnbutory factor to the development of toxemia m 
aU cases From the above discussion (i; s Theories of etiology and attempts at 
treatment), however, it cannot be assigned the r61e of the sole precipitatmg cause 
of the toxemic syndrome Recent mcomplete work suggests, 1, that withdrawal 
of hormonal support from the pregnant as from the non-pregnant uterus may 
result m the formation of a menstrual-hke toxm m the placenta (? maternal por- 
tion, 1 e , decidua), 2, that the primary etiology may, m conjunction with the 
steroid depnvation it causes, do the same thin g, and 3, that release of this toxm 
may prove to be the final cause of toxemia of late pregnancy 
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On this basis, damage of the chonomc epithehum might contnbute to the pro- 
duction of toxm 

Any one of a number of processes, therefore, might be pnmanly responsible 
for settmg off a cham of events leadmg to an overwhelmmg production of toxin 
and to toxemia of late pregnancy, unless dehvery of the uterme contents inter- 
vened Whatever the primary etiology, the final syndronfe would be the same, 
a VICIOUS circle m which decrease of vascular supply, hormonal deficiency and 
toxm formation were augmentmg one another 

Even m cases wherem a deficiency of oxidation products of the estrogens does 
not pertam during the second trimester, the prophylactic use of adequate dosages 
of stilbestrol, now bemg mvestigated by Smith and Smith may prove effective 
through mcreasmg uterine vascularity, both per se and by stimulatmg steroid 
secretion m the placenta Once the disease is climcally manifest, according to 
their findmgs, the vicious circle of the final syndrome is already established and 
the best hope of cuttmg m upon it, aside from dehvery of the products of concep- 
tion, hes m neutrahzation of the toxm To mvestigate this possibihty, they (168) 
studied a few cases of pre-eclampsia to whom a crude preparation of their protec- 
tive pseudoglobuhn was experimentally administered Chmcally the results 
could be considered no more than promismg Their pnncipal mterest hes in the 
theoretical imphcations which appear to uphold the above concepts 

The presence of a toxm in toxemia has always offered attractive possibihties 
for explaimng the climcal syndrome Complete studies on the effects of men- 
strual toxm remam to be performed but experiments reported show that it causes 
edema and vasoconstnction and indicate that it produces damage of capiUaiy 
endothehum as well as of tissues m general and has an antidiuretic effect (169) 
Dexter and Weiss (9) offered evidence for the existence of generahzed damage 
of the capillary endothehal system m toxemia That the toxm may be responsi- 
ble for the hypertension and proteinuna of toxemia remains to be mvestigated 
Damage of the renal glomerular capillaries would explain the protemuna The 
hypertension may be the consequence of a number of effects of the toxm, renal, 
suprarenal, cerebral and direct upon blood vessels The antidiuretic substance 
in the placentas of toxemic patients (67) may be the toxm workmg directly or 
through pituitary stimulation (vt) m the experimental animal The same ex- 
planation may apply as regards the melanophore-expanding principle m the blood 
and placentas of patients with toxemia (87) That patients with tojJemia are 
hypersensitive to mjected postenor-lobe hormones (v s Effects of Administered 
Postenor Pitmtary Extracts) suggests an effect superimposed on that of the toxm 
Smith and Smith (169) showed m rats that menstrual toxm causes the release 
of pituitary gonadotropic and adrenotropic hormones and beheve that it produces 
an “alarm” reaction mvolvmg qmte possibly the release of other pituitary hor- 
mones Epmephrmemia m eclampsia (95) may reflect such an “alarm” reaction, 
and pitmtary stimulation may explam a number of observations made m pre- 
eclamptic and eclamptic patients, m , urmary thyrotropic hormone (19), possibly 
the urmary antidiuretic substance (v s Antidiuretic substance m the urme), thy- 
roid hormone (76) and, particularly, the possibihty considered by some of over- 
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activity of the adrenal cortex (26, 43, 181) None of these abnormahties has 
been demonstrated pnor to the clinical onset of the disease 

SUMMAET 

From the above it is apparent that the primary etiology of toxemia of late preg- 
nancy has yet to be detenruned, that no definitive treatment has been rewarded with 
spectacular cure, such as usually occurs following dehvery of the products of 
conception, and that prevention of the disease by the administration of hormones 
has yet to be proven Certam aberrations from the normal m hormonal or hor- 
monal-like findmgs and m placental morphology appear to be estabhshed m 
women with pre-eclampsia and eclampsia 1, excessive antidipretic substance m 
urme and placenta, 2, a melanophore-expandmg pnnciple m the blood and pla- 
centa, 3, a hypersensitivity to the mjection of postenor pitmtary secretions, 4, 
high titers of chonomc gonadotropm m a large percentage of cases, 5, decreased 
excretion of estrogens and pregnanediol, and 6, histological and histochemical 
changes m the placenta Rimilar to but more marked than those of the normal 
placenta at term and primarily mvolvmg degeneration of the syncytial cells which 
probably secrete the steroid hormones Of these established abnormahties, the 
last three are underway prior to climcal manifestations and occur normally at 
term 

Synihesta That the primary etiology of toxemia may consist of a number of 
causes is suggested by the already famihar predisposmg factors such as essential 
hypertension, diabetes, pnmigravidity, hydatidifoim mole, twins and hydram- 
mos The evidence at hand appears to establish premature seruhty of the pla^ 
cental syncytium and premature withdrawal of the placental steroid hormones 
as the final mtermediary pathology This disturbance, which occurs normally 
at term, must be brought about prematurely by the workmg of the pnmaiy eti- 
ology, which probably mvolves either an mtnnsic metabohc abnormahty affectmg 
the placenta or a decrease m blood supply to the placenta or both Smce the 
syncytial-steroid aberration from the normal characterizes all cases, it may logi- 
cally be assumed to be contributory factor to the development of toxemia m 
aU cases From the above discussion (i; s Theories of etiology arid attempts at 
treatment), honever, it cannot be assigned the r61e of the sole precipitatmg cause 
of the toxemic syndrome Recent mcomplete work su^ests, 1, that withdrawal 
of hormonal support from the pregnant as from the non-pregnant uterus may 
result m the formation of a menstrual-hke toxm m the placenta (? maternal por- 
tion, i e , decidua), 2, that the primary etiology may, m conjunction with the 
steroid depnvation it causes, do the same thmg, and 3, that release of this toxm 
may prove to be the final cause of toxemia of late pregnancy 
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Surgeons, Colunibia University 
NEW YORK, NEW YORK 

T he hypodermic syringe was, until recently, the standard medium for the 
administration of sex hormones to experimental animals and to human pa- 
tients The discovenes that some sex hormones are active orally and that 
sexual stimulation can be effected by hormonal pellets implanted under the skin 
(Deanesly and Parkes, 1937) or placed under the tongue are products of only the 
past few years It is also possible to ehcit the charactenstic tissue response to 
a hormone by bnngmg it mto direct contact with the target organ Many dem- 
onstrations have been made of the effectiveness of sex hormones when apphed 
locally m this maimer This paper is a review of the pubhshed reports of lab- 
oratory and chmcal expenences with local organotherapy with the so-called male 
and female hormones 

Vagina. Experimental The mtravagmal mstiUation of estrogens and bi- 
ological materials contaimng estrogens has shown the feasibihty of mducmg 
vagmal estrus by this means When the instilled quantities of hormone are 
sufficiently small their action is stnctly a local one Robson and Adler (1940) 
demonstrated this fact by means of a cleverly planned experiment m which 
they separated the upper part of the mouse vagma from the lower part The 
latter is known to be more responsive to estrogens, but when estradiol, estnol 
^ucuromde, or stilbestrol were mjected mto the upper vagmal sac, a distmctly 
greater estrogemc effect was produced there It was concluded, therefore, that 
the action was local rather than systemic In castrated female rats vagmally 
administered stilhestrol, m amounts up to 1 gamma daily, produced vaginal 
comification but was without effect m modifying the appearance of castration 
cells m the pitmtary (Morrell and Hart, 1941) Estrous changes m stnps of 
castrated rat vagma in vitro were reported by Berger (1937) followmg the addi- 
tion of estrogen to the culture medium These experiments conclusivelj^ ehm- 
mated the possibOity of systemic influences 

Interest m the local vagmal action of estrogens m experimental nnimnlg is 
based largely upon its usefulness for assay techmques Castrated adult rats, 
and to a lesser extent mice, have been used for this puipose Experiments 
have shown that bioassay methods for estrogens based on the mtravagmal 
route of administration are simple, reliable and m general more sensitive t.hnn 
other biological methods of assay The mtravagmal method offers the further 
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advantage that it penmts the analysis of estrogens in a vanety of vehicles m- 
oluding pessanes (Powers, Varley and Morrell, 1929), cotton pledgets (Palmer 
and Zuckennan, 1939), blood (Albneux, 1941), oil and other solvents It also 
results in an economy of animals, since the same mdividuals can be used over 
and over agam 

Usmg cotton wool pledgets soaked with stilbestrol m oil. Palmer and Zucker- 
man (1939) observed estrous changes m the vagina of mice withm 24 houra 
after the administration of as httle as 0 06 gamma of stilbestrol Lyons and 
Templeton (1936) and Yerby (1937) assayed estrogens by mstiUmg urinaiy 
extracts vagmally m castrated adult rats and observmg the degree of comifica- 
tion 24 hours after the second of 2 daily doses Blood estrogens were assayed 
mtravagmally m rats by Albneux (1941), usmg pellets made from desiccated 
blood Markee and Berg (1942), employmg mice for the assay of blood estrogens 
dunng the menstrual cycle, found that extracts contammg as httle as 0 016 1 TJ 
of estrone, when mstiUed vagmally, mduced macroscopically detectable vagmal 
mucus 

Estimates of the relative effectiveness on the vagmal mucosa of estrogens 
applied locally as compared with estrogens administered by subcutaneous mjec- 
tion vary widely Differences resultmg from these two methods of administra- 
tion depend upon the species and age of the test animal as well as the specific 
estrogemc compound and its vehicle, and are accentuated by vanations m the 
dosage, frequency of treatment and time of observation Powers, Varley and 
Morrell (1929) reported a ratio of effective subcutaneous dose to effective 
vagmal dose of 1 3, Pratt and Smeltser (1929) 1 2, m spayed rats treated with 
estrogen Subsequent mvestigators, however, have obtamed markedly different 
quantitative results In rats receivmg estradiol this ratio was computed to 
be 12 1 by Berger (1936) and 4 1 by Freud (1939) The latter author found 
a ratio of 2 1 for estrone, 1 1 for estradiol benzoate, and 1 12 for stilbestrol 
Under somewhat different experimental conditions but usmg castrated rats 
also, Stadler and Lyons (1938) calculated a ratio of 60 1 for estrone and a ratio 
varymg between 100 1 and 200 1 for estradiol benzoate The latter hormone 
was found to be 30 times as potent as estrone when both were administered 
vagmally The high degree of sensitivity to which this method of estrogemc 
assay can be brought is shown by the figures of Muhlbock (1940), who instilled 
the hormones m 50 per cent glycerme mtravagmaUy m castrated mature mice 
The effective estrogemc doses reported by MQhlbock were for estrone, 0 00026 
gamma, for estradiol, 0 0005 gamma, for estnol, 0 00076 gamma The same 
order of sensitivity has been attamed by Hartman and LittreU (1946) m a 
new test for blood estrogens The test sample, m volume of 0 01 or 0 02 cc , 
IS mjected subcutaneously m immature rats m the region of the future vagmal 
orifice A positive reaction consists of a transverse dimplmg of the skm, usually 
withm 24 hours, followed by the opening of the vagma withm 4-6 days In 
adaptmg this test to gumea-pig weanlmgs, LittreU, Tom and Hartman (1946) 
have been able to establish an exponential curve correlatmg the time of openmg 
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of the vagina with the amount of estrogen mjected locally mto the penneum 
When 20 gamma of estradiol dipropionate was mjected vagmal openmg occurred 
m 10 hours, while with a dose of 0 004 gamma openmg was delayed to 96 hours 
Emmenfi (1941) has determmed the relative minimal effective estrogemc dose 
by subcutaneous as compared with local (vagmal) administration (S/L ratio) 
for a large number of natural and synthetic estrogens as well as other com- 
pounds of questionable estrogemc status and has cleverly apphed these data 
toward an analysis of the mode of action of estrogens The compounds mvesti- 
gated by Emmens fell mto 2 distmct groups on the basis of their S/L ratios, 
namely, those havmg a high S/L ratio, greater than 50, and those with a low 
S/L ratio, usually less than 2 The substances with a high S/L ratio, listed 


TABLE 1 

Substances having a high S/L ratio (Estrogens) 

(after Emmens, 1941) 

S/i 

Estrone 260 

Estrone methyl ether 60 

Estradiol 60 

Ethinyl estradiol 120 

Estnol 2000 

Ethinyl-dihydro-eqvulin 90 

Diethylstilbeatrol 320 

l^'-dlethylstilbeatrol 450 

IhethylstilbeBtrol dimethyl ether 400 

Ethyl-propyl-stilbestrol 170 

Di Mo-propyl-etilbestrol 310 

Ih-n-bntyl-Btilbestrol 310 

Hexestrol (meso) 180 

Hexestrol (racemic) 360 

4 4-Dihydroxy-T' 8-diphenyl-^ 5 hexadiene 170 

Tnphenylchloroethylene 65 

3 3' 4 4'-Tetrahydroxy--r S diphenyl-n-hexane 63 

l-Ethyl.2(p-hydroXyphenyI)-6 hydroxy-l 2 3 4-totrahydronaphthalene ca 126 


m table 1, comprise the natural estrogens, many compounds of the stilbestrol 
senes, hexestrol, and a few other synthetic estrogens The substances with 
a low S/L ratio are listed m table 2 The sharp dividmg line between these 
two groups results from the fact that the synthetic compounds listed m table 
2 are scarcely if at all more active when apphed directly to the vagma than when 
mjected Yet some of such synthetic compounds, after mjection mto female 
rabbits, result m the excretion of phenohc metabohc products which are more 
active estrogemcally than the parent compounds (Stroud, 1940) EmmeTip 
concluded that these synthetic compounds are probably mactive themselves 
and must be transformed mto active substances m the body He therefore 
called them pro-estrogens Their action upon the vagma was presumed to 
depend upon their systemic absorption, whether applied locally or by mjection 
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Thus the active metabohtes were visuahiied returning to the vagina in no greater 
concentration or amount after vaginal than after subcutaneous administration 
In a later experiment Emmens (1942) proffered additional evidence that 
pro-estrogens are metabohsed to estrogens m the body Using the technique 
of Robson and Adler, he divided the vagma of spayed mice mto 2 compartments, 
with the anterior one openmg suprapubically and the posterior one retaining 
its normal penneal aperture Estrogens, when apphed locally "to one sac, even 
m many tunes the minim al effective dose, produced a strictly local reaction 
without affectmg the other sac Pro-estrogens, on the other hand, stimulated 
comiflcation m both sacs when given m only mirumftl effective doses mto one 

TABLE 2 

Substances having a low S/L ratio (Pro-estrogens) 

(after Enunena, 1941) 


S/L 

4-Hydroxydiphenyl <12 

4 4'-Dihydroxydiphenyl <7 

4 Hydroxydiphenyl ether <7 

4 4'-Dihyclrovydiphenyl ether <16 

Stilbene 1 6 

4-Hy<iroxyBtilbene <10 

4-4'-Djhydroxy8tilbene <1 0 

4-Hyciroxy-a P diethylstilbene , <0 6 

a Phenyl-etilbestrol 1 6 

a-Phenyl-^ ^-di(p-hydroxyphenyl) ethylene 0 4 

Dibydroxyhexahydroohryaene oa 0 7 

9 10 Dihydroxy 9 10 di-cyclopentyl-9 lO-dihydro-l 2 6 6-dibenzanthracene 1 6 

9 lO-Dihydroxy-9 10-di-n propyl-9 10 dihydro-1 2 6 6 dibenzanthracene 0 9 

Dihydroxy di-a naphthyl-acenaphthene ca 0 33 

p-Hydroxypropiophenone ca 4 0 

p Hydroxypropiophenone pmacol 0 6 

p lert-Amyl-phenol <2 0 

4-Hydroxy-tnphenylniethane <3 0 

Ironz-Androstenediol 0 9 

Anhydro hydroxy -progesterone 1 2 

£t Bthylatilbestrol <4 0 


of them It seems reasonable to conclude from these experiments that pro- 
estrogens do not become estrogemc until thej"^ have entered the systemic circula- 
tion 

The vagmal mucosa seems capable of hydrolyzmg estrogenic esters with 
a high degree of efficiency Emmens (1941) found that in instances where 
esterification of the true estrogens produced an mcrease m the S/L ratio, it did 
so by raismg the minimal effective subcutaneous dose, while causmg only pTnnll 
differences, on a molar bams, m the dose required vagmally The effect of 
esterification on the S/L ratio is shown m table 3 

Cltmcal Local hormonal therapy has found its greatest clmical usefulness 
m the treatment of vulvovagmitis, particularly m children The histologic 
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character of the vaginal and vestibular mucosa of prepuberal girls and its con- 
comitant low hydrogen ion concentration make this dehcate membrane easy 
prey for the gonococcus as weU as for non-specific bactenal mvaders After 
the discovery by Lewis m 1933 that systemic estrogemc therapy could produce 
hyperplasia of the vulvovagmal tissues and bnng about clinical cure of gonococcal 
vulvovaginitis m young guis, several studies convincingly demonstrated that 
at least as high a degree of therapeutic success could be achieved by the vagmal 
administration of estrogemc hormone in ^latm capsules of Ammotm or supposi- 
tories of estradiol benzoate or stdbestrol (Te Lmde and Brawner, 1935, Te Lmde, 
1938, Lewis and Wemstem, 1936, Lewis and Adler, 1936, 1937, Jacoby, Madoma, 
Till and Wood, 1939, Mazer and Shechter,'1939, Woodruff and Te Lmde, 
1942) Te Lmde attributed the curative effects of this form of treatment to 
the mcrease m thickness of the vagmal mucosa, which was seen by biopsy, 
whereas Lewis and Wemstem, who discovered a reduction m vagmal pH foUow- 

TABLE 3 

Effect of etlenfication on S/L ratio 
(after Emmens, 1&41) 


S/L 

Estrone 260 

Estrone butyrate 230 

Estrone caproate 600 

Estradiol 60 

Estradiol benzoate 160 

Diethylstilbestrol 320 

Diethylstilbestrol dipropionate 190 

Diethylstilbestrol dicaproate 300 

Diethylstilbestrol dipalmitate 3000 


mg local estrogemc treatment both m normal children and m others with vagi- 
mtis, regarded the mcreased acidity of the vagmal fimd as the important thera- 
peutic factor m eradicatmg infection Climcal cure occurred mdependently 
of systemic absorption of the hormone, for m only an occasional instance were 
side effects of the estrogen, such as shght mammary enlargement, observed 
This contrasts with the relatively high mcidenee of precocious breast develop- 
ment, pubic hair growth, and uterme bleedmg which occurred when estrogens 
were administered to children by hypodermic rejection Alternate methods 
of treatment for gonococcal vulvovagmitis, preferred now by most gynecologists, 
mclude the sulfonamides and penic illin 

Vagmal suppositones contammg estrogens together with glucose and sodium 
pho^hate (Kolpon Inserts, Roche-Organon) have also been used with success 
m the treatment of non-specific vagimtis m sexually mature women (Neugarten 
and Steimtz, 1941) 

The atrophic changes which usually occur m the gemtal organs of post- 
menopausal women result m a lowered resistance of the vagmal epithehum to 
infection Superficial ulceration and bactenal mvasion are common Sympto- 
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matic relief from the discharge , bleeding, itching, burning, soreness, and dys- 
pareunia caused by senile vaginitis has been obtained by local treatment with 
Am n i otm suppositories (Lewis and Adler, 1937) and with an omtment con- 
taining estnol, and the spiecific trophic effect on the vagmal mucosa has been 
demonstrated by biopsy (Mishell and Motyloff, 1940) Hamblen (1946) recom- 
mends the msertion nightly of a vagmal suppository containmg 0 5 mgm of 
diethylstilbestrol for 4^6 weeks, m order to avoid recurrences The rationale 
for estrogemc therapy m patients with senile vagimtis is RiTnilar to that for 
vulvovagmitis m children The results are similarly gratifymg, but the relative 
importance of epithehal hyperplasia and the restoration of a low vagmal pH is 
still a matter of uncertamty 

Hamblen has also recommended prophylactic vagmal admmistration of 
diethylstilbestrol suppositones, both preoperatively and postoperatively, to 
postmenopausal women who require vagmal plastic operations This treat- 
ment, it IS claimed, together with application of diethylstilbestrol omtment 
to the vulva, renders the tissues less friable at the time of operation and favors 
per pnmum he alin g 

Uterus ExpeninefUal Cychc hormonal control of the uterus is a biphasic 
phenomenon A folhcular, estrogemc, or proliferative phase of utenne de- 
velopment, characterized predominantly by endometnal growth and glandular 
proliferation, is associated with the follicular phase of the ovarian cycle and is 
reproducible m castrated animals by the mjection of estrogemc hormones 
A luteal, progestational, pregravid or (m primates) premenstrual phase, which 
occurs m association with the corpus luteum stage of the cycle, is marked by 
differentiation and secretory activity of the endometnal glands, and can be 
reproduced experimentally by the administration of progesterone to castrated 
animals which have been appropriately pruned with estrogen The biphasio 
nature of myometnal contractihty has also been clearly related to hormonal 
control m certam species such as the rabbit, but m the human this relationship 
IB still subject to differences of opimon and remams to be clarified 

The local action of estrogens on the uterus has been demonstrated in several 
species Loewe and Voss (1926) produced locahzed hypertrophy of the gumea 
pig’s uterus by mjectmg an estrogemc placental extract mto a hgated segment 
of one utenne horn, usmg the other hom of the uterus as a control This result 
was confirmed m the gumea pig and extended to young rabbits and castrated 
rats by Grumbrecht and Loeser (1938), usmg small doses of estrone, estradiol, 
and estradiol benzoate The same authors mtroduced estrogen pellets mto the 
uterus of amenorrheic women and demonstrated a proliferative effect on the 
endometnum by means of biopsies before and after treatment Proliferation 
and hypertrophy of the endometnal cells are not inhibited by atropme, it is 
probable, therefore, that they represent specific effects of estrogen rather than 
the result of its vasodilatmg action (Hechter, Lev and Soskm, 1940) Perloff 
and Kurzrok (1941) succeeded m causmg the formation of utenne fibromyomas 
in gumea pigs by the local implantation of 3 mg pellets of estradiol mto the 
uterus This quantity of the hormone, however, might well have resulted m 
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tumor formation foUowmg systemic administration, tumongenesis, therefore, 
cannot be attnbuted to its local action In an tn vitro experiment GaiUard 
and De Jongh (1938) failed to observe growth m thm shces of mouse uterus 
which were kept ahve m a medium of plasma and salt solutions to which various 
concentrations of estrone were added Usmg cover shp preparations of rat 
uterus hlmmenR and Ludford (1940) also found no response of the tissue to stil- 
bestrol or to estradiol In their hands, however, the vagmal tissues also failed 
to respond to the local action of estrogpn by this techmque 
McGmty, Anderson and McCuUough (1938, 1939) were the first to demon- 
strate a local action of progesterone on the endometrium These authors m- 
jected an oily solution of the ciystaUme hormone mto a hgated utenne segment 
m immature rabbits which had been pruned previously with estrogen By 
this techmque 0 6-5 gamma of progesterone was as effective m producmg pro- 
gestational transformation of the endometrium as was 0 5 mgm of the hormone 
mjected mtramuscularly m divided doses over a penod of 6 days, and threshold 
endometrial reactions were obtamed with ashttle as 0 125 gamma of progesterone 
apphed locally These experiments hai'e been confirmed m immature rabbits 
by Mussio-Founuer, Albneux and Grosso (1939) and by Mennega and Tausk 
(1940), and m castrated rabbits by Sammartmo and Noguds (1945) 

The practical importance of the McGmty techmque would seem to he m its 
adaptabihty for the assay of blood or other biological flmds for their progesto- 
gemc activity Results obtamed by this method have been reasonably satis- 
factory from a quahtative standpomt, but the quantitative maccuracies seem 
sufiBciently great as to make the test unsatisfactory for better than very rou^ 
measurements of progesterone Haskins (1939) obtamed a positive test for 
progesterone with as httle as 0 2 cc of serum of a pregnant gumea pig A 
smaller amount of serum failed to produce a progestational reaction m the 
rabbit’s endometrium, and serum from a non-pregnant guinea pig was likewise 
meffective De AUende (1940) attempted to establish a curve of the normal 
progesterone content of the blood of the rhesus monkey durmg the menstrual 
cycle, by makmg assays of the serum of 3 animals every 3 days While demon- 
i stratmg progestogemc activity m the monkey’s blood, her results failed to follow 
; a consistent cychc pattern The amount of progesterone m the blood serum 
( of the non-pregnant monkey was estimated to vary between a mmiTniiTn of 
I 0 06-0 12 gamma per cc and a ma ximum of 0 26-2 6 gamma per cc Usmg 
; the same techmque Haskms (1941) demonstrated progestational activity m 
( 20 out of 21 samples of blood serum obtamed from women at various stages 

j of pregnancy up to 7 months All the reactions m the rabbit’s uterus were 
j minimal, however, mdicatmg, accordmg to Haskms’ calculations, that the serum 
) probably contamed less than 0 13 gamma of progesterone per cc 
f Clinical Kaihaky (1942) has reported dramatic and immediate cessation 
j of utenne contractions foUowmg the mjection mto the antenor hp of the cervix 
^ of large amounts of stilbestrol (25-100 mgm ) m oil m cases of threatened abor- 
y tion and premature labor and has claimed excellent results with this method 
j of treatment There is considerable evidence that estrogens stimulate the pro- 
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duction of progCBterone by the corpus luteum in the rabbit, and an increase 
in pregnanediol excretion has been observed following the treatment of a pregnant 
woman with stilbestrol (Smith, Smith and Hurwitz, 1946) So rapid was the 
therapeutic effect obtamed by Kamaky, however, that it seems more likely 
that the administered medication acted directly on the uterus rather than 
through a metabohc process mvolvmg the mediation of progesterone Whether 
the action was exerted primarily on the myometrium or whether primarily on 
a nerve plexus, whether it resulted from the estrogen or whether from the oil, 
are questions which remam to be answered Hormonal mjections mto the 
cervix have not yet received general acceptance m the treatment of obstetncal 
complications (Hamblen, 1945) 

Mamma Expenmenlal Nipple The nipple area is a specialized part of 
the mtegument which is particularly sensitive to hormonal stimulation Ting- 
hng of the nipple, widenmg and hsqierpigmentation of the areola, and hyper- 
trophy of the tubercles of Montgomery are well known concomitants of preg- 
nancy S imilar reactions may occur m non-pregnant women m response to 
appropriate endocrme therapy In expienments on rats, mice, rabbits and guinea 
pigs, growth of the nipples is always observed when the animals are treated 
with adequate amounts of estrogenic hormone 

It has been a relatively simple matter to demonstrate the direct action of 
hormones, particularly estrogens, on the mpple and areola By carefully reg- 
ulatmg the dosage of the topically apphed hormone, several experimenters 
have been able to produce unilateral growth of the treated nipple with little 
or no growth on the control side Zondek (1935) was the first to show that 
percutaneous apphcation of estrogen to the gumea pig nipple resulted m enlarge- 
ment of this structure withm 8 days With the concentration of hormone used 
by Zondek, however, suflBcient systemic absorption occurred so that soon the 
untreated mpple also began to enlarge and after 4 weeks there was no difference 
between the two The gumea pig’s mpple is remarkably sensitive to estrogenic 
stimulation Several subsequent mvestigators have exploited this fact, using 
estrogens m a vanety of vehicles mcludmg several oils, omtment bases, and 
alcohol Mussio-Foumier, Albneux and Buno (1937) found that 25 I U of 
an estrogen apphed locally to the base of the nipple of male gumea pigs daily 
for 15 days produced an mcrease m length of 124 per cent, as compared with 
an 81 per cent mcrease from the subcutaneous admmistration of 50 I U of the 
hormone daily for the same penod of tune These results were abundantly 
confirmed m subsequent reports by Nelson (1941) and bj”- Jadassohn and his 
co-workers, usmg vanous estrogens (Jadassohn, Uehhnger and Zurcher, 1937, 
Jadassohn, Uehhnger and Margot, 1938, Fierz, 1939, Jadassohn, Uehlmger and 
Fierz, 1941) Stilbestrol or estrone m a solution contammg 1 gamma per 
cc , when apphed to one mpple of male gumea pigs m the amount of 1 drop daily, 
caused m 30 days a tnphng m the length of the treated nipple, a doublmg of 
its width, hyperpigmentation of the mpple and areola, and an mcrease m the 
epithehal layer from a thickness of 2-4 cells to one contammg approxunately 
30 layers of nuclei Sunilar but less pronounced localized groivth of the gumea- 
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pig nipple was obtained by topical appbcation of testosterone propionate, 
androsterone, androstenedione, androstanedione, andrenosterone, and corticos- 
terone The pigmentary reaction m the gmnea-pig nipple received special 
attention by Davis, Bojmton, Ferguson and Rothman (1945) They found 
m castrated males that a local pigmentary response could be ehcited by the top- 
ical apphcation of diethylstilbestrol to the mpple area, thereby demonstratmg 
that the action of estrogen on the melanoblasts is a direct one A differential 
growth of the mpples of male rabbits was reported by Lyons and Sako (1940) 
and Lewis and Turner (1942) followmg unilateral local treatment with estrone 
or with diethylstilbestrol, the row of mpples receivmg the estrogen growmg 
at a faster rate than those on the control side Similar results were obtamed 
m toy fox terriers by Wilhams, Gardner and De Vita (1946) with estrone 
In the rhesus monkey, also, a topically applied solution of estrone resulted 
m unilateral mpple growth m young males (Speert, 1940, Chamberhn, Gardner 
and Allen, 1941) Pamtmg one mpple of each of these animals daily with al- 
cohohc solutions of estrone containmg 0 05 mgm per cc and 0 5 mgm per cubic 
centimeter for penods up to 75 days resulted m a 14-fold mcrease m the cal- 
culated volume of the mpple, while httle or no growth occurred m the control 
mpple (Speert, 1948) After the cessation of treatment the exiienmental mpples 
mvoluted rapidly, but even 3 months later then average size was still 6 times 
as large as before treatment A similar dispanty occurred between the areolas 
on the treated and imtreated sides The same treatment of pregnant monkeys 
and a group of young females undergomg mtensive systemic estrogemc therapy 
resulted m no demonstrable effect on the mpples or areolas Failure to respond 
to an extraneous estrogemc stimulus is undoubted!}'’ attnbutable to the state 
of estrogemc saturation wbicb already existed m the tissues of these animals 
Supernumerary nipples are also sensitive to estrogemc stimulation, as is 
suggested climcally by then m creased prommence and pigmentation m women 
durmg pregnancy This suggestion was extended to the monkey by Zucker- 
man’s observation (1935) of the changes m the supernumerary mpple of a male 
macaque followmg mjection -with estrogen The topical apphcation of estrone 
to a small supernumerary mpple m a young male monkey resulted m a 36-fold 
mcrease m its calculated volume, but identical treatment of a large accessory 
mpple m a mature female produced no change (Speert, 1942a, 1948) Here too 
the disparity m responsiveness of the supernumerary mpples can be ascribed 
to the differences m the growth stimuh to which they had already been subjected 
and theu resultant varied capacity for further growth This hypothesis will 
serve also to explam the failure of a supiemumeraiy mpple m a recently pregnant 
gumea pig to mcrease m size after local treatment -with estrone for 147 days 
(Speert, 1942b) 

Mammary gland The mammary gland proper, as well as the mpple struc- 
■tures, IS capable of response to direct hormonal stimulation Estrone m al- 
cohohc or oily solution apphed directly to the mammary area hat; resulted m 
glandular growth m male imce (Gardner and Chamberhn, 1941), castrated 
male and female gumea pigs (Nelson, 1941), male rabbits (Lyons and Sako, 
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1940, Le\viB and Turner, 1942), and vu-gm heifers (Petersen, 1943) In virgm 
female goats munction of the udder with estradiol benzoate produced complete 
mammary development, eqmvalent to that seen m the latter part of pregnancy 
(De Fremery, 1936), and similar treatment with an omtment contammg 1 per 
cent diethylstilbestrol dipropionate resulted m copious lactation (FoUey, Watson 
and Bottomley, 1940) In the latter experiments a daily yield of 1500 cc of 
milk of normal composition was obtamed, after a 30-day penod of treatment 
which consisted of estrogenic munction of the udder 3 tunes a week accompamed 
by daily m ilking Smce milking, combmed with munction of the udder with 
an omtment not contammg estrogen, was also capable of imtiatmg lactation, 
it IS difficult to know how much to credit to the estrogen 

Unilateral growth of the mammaiy gland has been demonstrated m male 
monkeys after local treatment of one side with an alcohohc solution of estrone, 
the other side receivmg alcohol alone as a control (Speert, 1940, 1948 , Chamber- 
Im, Gardner and Allen, 1941) In the monkey experiments the area of the estro- 
gen treated mammaiy glands was greater than that of the controls and the duct 
system was better developed Histologic sections revealed hyperplastic ducts 
and mcreased penductal connective tissue m the glands treated with estrone, 
m contrast to fewer, smaller, and more poorly developed ducts m the control 
glands 

These experiments have qiecial significance because of their beanng on the 
problem of estrogemc control of the mammary gland The mode of action by 
which estrogens produce their trophic effect on the mammary gland has been 
a matter of dispute for several years Injected estrogemc hormones have com- 
monly been found mcapable of producmg mammary development m hypophy- 
sectomized laboratory animals This observation led to a large amount of 
experimental work and numerous pubhcations, prmcipally by Turner and hifl 
students, culmmatmg m the theory that estrogens produce mammaiy develop- 
ment through the mediation of the antenor pitmtaiy It was postulated that 
t.hiH gland, under estrogemc stimulation, produces mammotrophic hormones 
called “mammogens”, which m turn exert their trophic influence on the mam- 
mary gland (Gomez and Turner, 1938, Lewis and Turner, 1939, Mixner and 
Turner, 1943) Estrogens were held to be mcapable of direct mammary stimula- 
tion The evidence for and against this theory has been critically reviewed 
elsewhere (Speert, 1948) It will suffice here to pomt out that the demonstra- 
tion m several species of unilateral mammary growth resultmg from local apph- 
cation of estrogen cannot be reconciled with the mediation of this effect through 
the pitmtary and is therefore regarded as cntical evidence against this theory 
Pitmtarj' mediation, by requirmg first 53’Bteimc absorption of the estrogen, 
would be expected to result m bilateral, symmetncal mammaiy growth It 
must be concluded, therefore, that estrogens can act dnectly on the mamm ary 
gland 

A report by Lyons (1942) has mdicated that lactogemc hormone can also 
act locallj upon the mammary gland. When this substance was rejected retra- 
ductally through the mpples of rabbits, localized lactation ensued re the m- 
jected parts of the gland while the control sectors remained unaffected. 
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Earlier studies had shown that the sensitmty of the crop-sac method of assay 
for lactogenic hormone could be greatly mereased by the mtradermal injection 
of the substance over the crop-sac TTus method of administration permitted 
the detection of the lactogenic hormone m a dose of 1 gamma, m contrast to 
100 gamma required by the mtramuscular mjection (Lyons and Page, 1935, 
Bates and Ilid(he, 1936) An improved method of preparation allowed for a 
positive local response with only 0 1 gamma (Lyons, 1937a) By mjectmg the 
hormone locally m divided doses over a period of 4 days Lyons (1937b) attamed 
a further ten-fold mcrease m sensitivity When lactogemc hormone is mj ected 
mtradermaUy over the crop-sac of the pigeon the histological effects of stimula- 
tion are limited to the area immediately subjacent to the site of mjection (Lyons, 
1937a), the rest of the crop-sac wall bemg unaffected 
ClvMcal Gratifymg but temporary cosmetic improvement has been obtamed 
m cases of hypomastia treated with estrogemc hormones This condition is 
frequently associated with general sexual hypoplasia, m some cases, however, 
gemtal structure and function are normal and the developmental defect appears 
to be localized m the breasts In the treatment of patients m the latter category 
it 18 important not to disturb normal ovanan function by systemic hormonal 
therapy Local treatment with estrogemc omtment provides a means of con- 
centratmg efiective amounts of the hormone m the breast with romimal effect 
on the other organs of the body MacBryde (1939) treated a small senes of 
patients with generalized sexual underdevelopment and hypoplastic breasts by 
dafly munction of one breast with 6 grams of an omtment contammg 5,000 
LTJ of estradiol or estradiol benzoate per gram The treated breast enlarged 
more rapidly than that on the imtreated side, although sufBcient B 3 rsteimc 
absorption occurred to produce enlargment of the uterus and changes ui the 
vagmal mucosa Good results with this method of treatment were also reported 
by Cemea (1940), who had his patients rub 6 grams of an omtment contammg 
0 1 per cent stflbestrol mto each breast nightly Mammary enlargement was 
obtamed m 30 days but treatment had to be repeated from time to time 

Omtments contammg therapeutically effective concentrations of estrogen must 
be differentiated from fraudulent products which occasionally appear on the 
market and are advertised to the pubhc as “bust developers” (J A. M A , 
1940, 1943, 1944) 

Puerperal mastitis has been treated by local munction of the affected breast 
with stilbestrol salve and Lemzmger and Bayer (1940) claim excellent results 
with this method of treatment In a senes of 64 cases of acute puerperal mas- 
titis suppuration occurred only twice, resultmg m 90 6per cent cure attnbutable to 
the stilbestrol munctions,as compared with 71 4 per cent cure attamed m a control 
senes which received x-ray therapy Local androgemc treatment m the form 
of testosterone or testosterone propionate munctions was used by Spence (1940) 
for the rehef of pam m cases of so-called chrome mastitiB M amm ary pam was 
reported alleviated m 8 out of 10 patients so treated The rationale of such 
tsqies of therapy for either inflammatory or prohferative mastopathies remams 
80 obscure that acceptance of hormonal munctions as a treatment of choice 
must await confirmatory reports bv other observers Thmn flQAil Loo Ton,^-+o»i 
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negative results in the local as well as the systemic treatment of gynecomastia 
with androgemc hormone Local treatment consisted of the mjection mto the 
substance of the affected breast of 50 mg of testosterone propionate m 1 cc of 
sesame oil, such mjections bemg repeated at weekly or bi-weekly intervals for 
a total of 200 mgm of the hormone 

Vulva Penneal itchmg or pruritus vulvae is a rather common affliction 
of elderly women Success has been reported by Klaften (1937), Zondek (1938), 
and Lubowe (1941) m treatmg this condition by the local apphcation of oint- 
ments contammg natural or synthetic estrogen Sustamed symptomatic rehef, 
however, usually requires prolonged or repeated treatment, the safety of which 
has been challenged because of the danger of carcmogenesis For the same 
reason even stronger objection has been raised agamst the use of estrogens 
m the treatment of krausosis vulvae, an atrophic lesion of the vulvar tissues 
with which pruritus is usually associated Chmcal cure of patients with this 
disease by local treatment with estrogemc omtment has been reported m a few 
mstances (JaS6, 1937, Tscheme, 1938) and the proliferative changes induced 
m the atrophic skm of the vulva have been demonstrated by biopsies before 
and after treatment After many years of tnal, however, Frank (1940) has 
found estrogemc therapy for kraurosis vulvae to be purely palhative and the 
improvement transient Because of the high mcidence of mahgnancy which 
results from the leukoplakic changes frequently associated with kraurosis, most 
gynecologists now regard excision or vulvectomy rather than hormonal therapy 
as the treatment of choice 

Skin A variety of dermatologic disorders mvolvmg other parts of the body’s 
surface have been treated topically with hormones In reviewmg the results 
of treatment of skm affections, it is important to remember that here perhaps 
to a greater extent than m most of the other chmcal entities reviewed, spon- 
taneous improvement is common, psychologic factors are often of great impor- 
tance, and that a tendency exists among chmcians to report favorable expenences 
ivith new therapeutic methods to the exclusion of eqmvocal or frankly negative 
results 

Expenmenial In a senes of old rats which were losing their hair and m 
another group of mfantile rats with alopecia, Kun (1937) found estrogens to 
be effective m causmg hair growth After rubbmg an omtment contammg 
estradiol benzoate mto the hauless parts of these animals for 1-2 months, 
complete growth resulted, while the control rats showed no change A direct 
effect of the hormone on the hau folhcles is suggested by the observation that 
growth occurred first at the sites where the omtment was apphed In apparent 
contrast to these findmgs is the recent report of Wilhams, Gardner and De Vita 
(1946) These authors observed a distmct inhibition of the regrowth of hair 
m three toy fox temers after a solution of estrone was apphed locally to shaved 
areas of the lateral body walls, whereas control areas which were treated with 
the solvent alone showed a normal rate of regrowth 

Estrogens are capable of mcreasmg the water content of the skm Selye 
(1944) treated the so-called hauless mouse, whose skm is affected by a congemtal 
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anomaly, with topical apphcations of a solution of estradiol contauung 250 
gnTTiTTifl. of the hormone per cubic centimeter The treated animals responded 
with a non-pittmg cutaneous edema, similar histologically to that which occurs 
m the sexual sVin of monkeys This phenomenon is probably similar to the 
premenstrual edema which develops m many normal women and the physio- 
logical edema of pregnancy, both of which are beheved to be estrogenic effects 
Another effect of estrogens m the rhesus monkey consists of reddemng of the sex 
Rli-m Chamberhn, Gardner and Allen (1941) produced such reddenmg unilater- 
ally by the local apphcation of an alcohohc solution of estrone 
Plumage pigmentation m birds is mtrmately dependent upon the sex hormones 
In the brown Leghorn, for example, the breast feathers are normally hght colored 
m the hen and black m the capon If a capon is treated with estrogen while 
its feathers are gronmg, a hght brown bar makes its appearance m each feather, 
the width of the bar correspondmg to the duration of estrogemc actmtj Green- 

wood and Bl 3 dh (1935b) found that the local mtradermal rejection of small 
amounts of estrone, too small to cause a plumage response when mjected mto 
the pectoral muscles, reduced local female pigmentary changes, the replacement 
of black by red, re the breast feathers nearest the point of rejection ’Espmasse 
(1939), who confirmed these observations, noted that the side of the feather 
toward the site of injection tended to react more and sooner than the distal 
side Deanesly and Parkes (1937) obtamed similar results after the inunction 
of one feather tract with estradiol and estradiol benzoate 

The direct action of sex hormones on the differentiation of melanophores re 
buds was demonstrated by Hamilton (1940) by means of tissue culture expen- 
ments He explanted bits of dorsal skm from 6-day-old New Hampshire Red 
and Rhode Island Red chick embryos Differentiation of red melanophores and 
mcieased production of pigment were stimulated by estrone, estradiol benzoate, 
estradiol dipropionate, and testosterone propionate, which were added to the 
culture medium m concentrations between 20 gamma and 300 gamma per cc 

Clinical Increased pigmentation of the mpples, areolas, and linea alba occurs 
durmg pregnancy and can be produced m non-pregnant women and m expen- 
mental ammals by treatment with large amounts of estrogen Davis, Boynton, 
Ferguson, and Rothman (1945) demonstrated a direct stimulating action of 
estrogen on melanoblasts It is therefore diffi cult to understand with what 
rationale Rocca (1942) treated his patient, although of menopausal age, with 
estrogemc hormone for pigmentary patches on her face Yet after combmed 
treatment with rejections and local inunctions of estradiol for several months 
the facial pigmentation diminished and Rocca attributed the happy result, 
perhaps gratuitously, to the hormone 

In a better controlled senes of observations, consisting of biopsies before and 
after treatment, Goldzieher (1946) observed a trophic effect of estradiol omtment 
and diethylstilbestrol ointment on the skm of the forearm of five elderlj’- women 
His published photographs of sections of skm obtamed after six weeks of daily 
munction with these hormones show distinct regeneration of the previously 
atrophic epidermis 
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Testosterone propionate has been used with success in the treatment of senhe 
dermatoses in men, but m the reported cases the results cannot be attnbuted to 
a local action of the hormone on the slnn In a senes of Holander and Vogel 
(1942) improvement was obtamed m 8 cases after testosterone omtment was 
apphed to the unaffected parts of the skm, and m the patients treated by Dobes, 
Jones, and Franks (1945) for pruritus, mjections of the hormone were given 
simultaneously with the munctions 

Jaff6 (1937) and Zondek (1938), the latter a pioneer m so many of the new uses 
for estrogens, claimed a salutary effect of estrogemc omtment on acne vulgaris in 
young guls and m menopausal women This treatment was studied more cn- 
tically m a well controlled senes of cases by Lynch (1941), who found no better 
results among the girls usmg an omtment contammg 4,000-5,000 R TJ of es- 
tradiol per ounce than m the control patients who used the omtment base alone 
Lynch emphasized the natural tendency of acne to improve when treatment 
consists of only soap and water Jaff4 also reported beneficial results from 
percutaneously administered estrogen m the treatment of seborrheic dermatitis 
and a case of chronic leg ulcer with surroundmg eczema 

Hormones have been used locally m attempts to treat rmgworm of the scalp, 
smce they have been found to possess fungistatic activity m vitro, but Lewis, 
Hopper and Reiss (1946) reported disappomtmg results after applymg diethyl- 
stilbestrol and testosterone omtments locally to the areas of mfection 
Estrogens have been mcorporated m some commercial cosmetics, the adver- 
tismg of which has often been unrestramed and the pubhc exploited to the limit 
of its gulhbihty An editonal m The Journal of the American Medical Asso- 
ciation (1938) quoted the foUowmg advertismg copy, which bore the approval of 
Good Housekeepmg Bureau “Endocreme contams a counterpart of the liatural 
bodily element which helps account for that pmk freshness of a youthful skm 
The substance is known to the medical world as es-tra-diol, and Endocreme is the 
only cosmetic which contains es-tra-diol It helps replenish the supply of the 
very substance which your skm may lackl Endocreme, therefore, is more than 
‘just a face cream’ It’s an active, vital cosmetic which begms to work with the 
substructure of the skm In later life the skm tends to fall mto hues and wrmkles 
because the tissues underneath the skm sag When Endocreme firms and tones 
these underlymg tissues, the skm is smoothed out agam pores decrease m size 
and hues begm to disappear ” Accordmg to the manufacturer's claim, 
Endocreme contamed 0 625 mgm of estradiol per ounce, and the purchaser was 
mstructed to apply one-half teaspoonful to the face, neck, arms and hands every 
night 

As recently as May 12, 1946 The New York Times earned the followmg adver- 
tisement “Your birthday confidante GouneUi’s “Look Younger’ Cream 
ESTROLAR Trust Gounelh Estrolar implicitly to keep each buthday a secret 
to deny your age discreetly defy it to show on your face You can 
for this “Look Younger’ Cream contams an Estrogemc Complex the eqmv- 
alent of a precious body substance which is abundant m youth but diminishes 
with every passmg year This Estrogemc Complex is an important aid m attam- 
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mg a younger appearance of face, throat and hands 30-day supply, 5 60 
jars, 10 00” This cream is still bemg advertised 
Protection of the pubhc from simil ar products ivill result from orders such as 
that recently issued by the Louisiana State Board of Health (JAM A., 1946a) 
“The manufacture, processmg, packmg, sale or distnbution of any cosmetic 
or beauty preparation contammg estrogenic hormone, any of its chemical 
derivatives or any synthetic chemical products possessmg properties similar to 
estrogemc hormone is hereby prohibited m Louisiana 
Penis In a letter to theeditor of The Journal of the AmencanMedical Associa- 
txon published August 9, 1941 Schiller referred to a novel “The Golden Lotus” by 
Wang Shih-Cheng (d 1593) which described Chmese life and customs, mcludmg 
some details of medical practice, durmg the Sung dynasty m the reign of Hui 
Tsung (1100-1126) Quotations from the English and German translations of 
this novel mdicated that modem therapy based on the local apphcation of sex 
hormones had its counterpart m onental medicme centimes ago An exchange 
of gifts IS related between a Hindu monk and a wealthy pharmacist m which the 
latter was presented with “a httle box with a red omtment, a httle more than one- 
fifth of an ounce to anomt the glans penis, sufficient for one hundred and ten 
apphcations ” The androgemc properties of the remedy were descnbed as 
follows “New strength wiU be given to hmbs and belly, it will refresh the 
testicles, mvigorate the penis m a hundred days, hair and beard will be black 
once more, m a thousand days, your body will know its power Your teeth will 
be stronger, your eyes more bnght, your manhood made ngid ” 

In a modem experiment by Wigodsky and Greene (1940) it was found that 
7 6 gamma of testosterone, when applied daily m alcohol or an omtment to the 
penis of castrated immature male rats, caused distmct growth of that organ m 
10-22 days, estrone and estradiol, on the other hand, were without effect 
Schiller mentioned sunilar treatment of human patients, designed to produce 
more frequent and more persistent erections, and local estrogemc apphcations to 
the chtons of fngid women, but the results of these experiments have not yet 
been published 

Semtnai, TESicnE Androgens can act directly on the epithehum of the 
semmal vesicle This has been demonstrated m two mdependent experiments 
on rats Lacassagne and Eaynaud (1937) found that when testosterone pro- 
pionate IB mjected mto the mtenor of the seminal vesicle of a castrated animal, 
the vesicular epithehum can mdicate the presence of as httle as 2 6 gamma of 
the hormone This is less than the amount required when testosterone pro- 
pionate IB administered by any other channel Cells of the rat’s semmal vesicle, 
which were grown m tissue culture by Demuth (1940), were seen to enlarge 
foUowmg the addition of testosterone to the culture medium 

* TiuB regulation was later modified as follows “No cosmetic or beauty preparation 
contoimng as one of its ingredients estrogemobormone, any of its chemical derivatives or any 
synthetic chemical product may be manufactured, processed, packed, sold or distributed 
in Louisiana unless its label bears adequate directions for use and its label bears the number 
of international umts per ounce of such ingredient” (JAMA, 1946b) 
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Chick’s comb The male sex hormones cause growth of the chick’s comb 
When androgens, either pure or m urmary extracts, are mjected mto chicks of 
either sex, stimulation of the comb occurs For assay purposes capons or young 
cockerels are usually used Fussganger discovered m 1934 that the sensitivity 
of this test for androgens could be mcreased 50 tunes if the hormone was applied 
directly to the comb ivith a pamt brush mstead of being mjected elsewhere mto 
the bod3'’ If the androgemc substance was apphed percutaneously to the back, 
however, it was only xJt as effectual as when apphed directly to the comb Des- 
sau (1937) also found that only as much male unnary extract was required 
for a positive response when smeared on the capon’s comb as when the same 
extract was mjected intramuscularly The mcreased effectiveness of androgens 
admmistered locally to the capon’s comb was confirmed for androsterone by 
Greenwood and Blyth (1935b), who demonstrated a greater response when the 
hormone was mjected mto the comb than when the same dose was mjected mto 
the pectoral region, and for testosterone and testosterone propionate by Deanesly 
and Parkes (1937), who produced a 200 fold mcrease m effectiveness by applymg 
the hormones to the comb by munction m propylene glycol Rumcka (1936) 
found that as httle as 1-2 gamma of androsterone daily, apphed locally m oil, 
could produce great growth m the comb of either sex 

Subsequent workers discovered that the sensitivity of the test could be in- 
creased further by appropnate choice of a vehicle For example, alcohol was 
shown to be supenor to sesame oil (Klempner, Frank and Hollander, 1940) The 
volume m which the androgen was dissolved was also important The smaller 
the volume, and hence the greater the concentration, the greater the response m 
comb growth (Klempner, Hollander and Frank, 1940) In ascertammg the 
amount of growth some mvestigators have rehed on the comb’s weight (Danby, 
1938, Frank and Klempner, 1937) after sacnficmg the chicks, while others, using 
capons, have resorted to measurements of comb area (Oestmg and Webster, 
1938) Ruzicka (1935) observed an mcrease from 400 sq mm to 2700 sq mm 
m the combs of capons treated locally with an oily solution of 1 per cent andros- 
terone for a week After the cessation of treatment the comb usually contmues 
to grow for about a week, then gradually returns to its normal size durmg the 
next 2-3 months 

Androgens to which the capon’s comb has been found responsive after local 
treatment mclude testosterone, testosterone acetate, testosterone propionate, 
methyl testosterone, androsterone, androstenedione, adrostanedione, dehy- 
droandrosterone, androstanediol and iso-androstanediol In contrast to the dif- 
ferent potencies which the various androgens have when mjected mtramuscularly, 
androstenedione, androstanedione, androstanediol, and androsterone were found 
to be about equally effective when apphed directly to the comb (Dessau, 1937) 

A general correlation exists between the dose of the locally apphed androgen and 
the percentage mcrease m the size of the comb (Dessau, 1937) Not all authors 
are m agreement, however, concemmg the adequacy of this method for the 
assay of androgens McCulIagh and Guillet (1941), for example, regarded the 
munction of the capon’s comb as the most satisfactory of androgenic assay 
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methods, but admitted that the results -n-ere only roughly quantitative at 
best Hoskms, Beach, Ck)ffman and Koch (1941), who rejected ody solutions 
of testosterone propionate into the comb of day-old cockerels, concluded that this 
method was of doubtful value for assay purposes A more frankly pessimistic 
view of the problem was taken by Duff and Darby (1941) These workers 
found that the vanation re response of the comb of da 3 ’--old and 7-day-old chicks 
to androgens, either locally by inunction or by rejection, was so large as to make 
quantitative assay impossible 

Nevertheless, despite its shortcomings as a quantitative test, the comb test 
IS apparently quite specific for androgens No response occurred to estrone, 
estnol, estradiol (Parkes, 1937) or estradiol benzoate (Frank and Klempner, 
1937) The local apphcation of progesterone, even re one hundred times the 
effective dose of androsterone, was without effect on the capon’s comb (Dessau, 
1937) On the contraiy, Muhlbock (1938) found that the addition of estrogen 
or progesterone to testosterone ointment inhibited the action of the latter on 
the cock’s comb Inhibition of the capon comb’s response to androsterone, 
whether administered locally or intramuscularly, was produced by estrone, es- 
tradiol, and diethj'lstilbestrol (Emmens and Bradshaw, 1939) The estrogens 
were more effective when apphed directly to the comb The ratio of the dose of 
estrogen required bj’’ reunction to the dose required by rejection to produce this 
inhibition was 1 470 for estrone and 1 180 for estradiol, but only 1 2 for 
diethylstilbestrol The stimulating activity which was demonstrated m extracts 
of pigs’ ovaries apphed locally to the capon’s comb apparently resulted from an 
umdentified androgemc substance re the former (Parkes, 1937) 

Spabsow's biul One of the distmguishmg sexual characteristics of the male 
E nglish sparrow (Passer domesticus) is the black pigmentation m itsbdl This 
pigmentation can be produced in the bills of female birds by treatment with and- 
rogens and seems to represent a specific effect of the male hormone When the 
hormone is rejected, however, the senes of color changes is such as to make recog- 
mtion of the end point difficult Seeking a specific and quantitative assay method 
for androgens, Erschbaum and Pfeiffer (1941) apphed testosterone propionate 
locally to the angle of one side of the bill of sexually mactive female sparrows 
Two gamma of the hormone administered daily m this manner resulted re a 
heavy deposition of melanin within 10 daj's on the treated side but none on the 
untreated side In later and more extensile experiments by the same workers 
(Pfeiffer, Hooker and Kirschbaum, 1944), castrated males were found to be more 
uniform and more sensitive m their pigmentary reqionse to locally apphed and- 
rogen One alcohohc drop containing as httle as 0 063 gamma of testosterone, 
apphed daily to the skm-bill junction, was capable of producing a unilateral 
pigment hne m the bdl By sj’’stemic administration, on the other hand, 8 
gamma of the hormone vas required daily m order to ehcit a pigmentary re- 
sponse, and this was bilateral and diffuse 
Testosterone and androsterone were about equally potent m their effect upon 
the sparrow’s bill Neither estrogens, progesterone, nor desoxycorticosterone 
acetate, however, was capable of producmg pigmentation Estradiol benzoate, 
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even m the relatively large dose of 10 gamma daily, failed to modify the bill’s 
response to 0 25 gamma of testosterone when both were apphed loc^y This 
contrasts with the inhibitoiy effect of estrogen on the response of the capon’s 
comb to androgen 

Because of its simphcity, specificity, low cost, and greater sensitivity, Pfeiffer, 
Hooker, and Erschbaum regard this test as superior to the chick’s comb for the 
quantitative assay of androgens ' Values obtamed by them m assaying crude 
e'vtracts of testicular tissues of pigs and bulls by the two methods were m good 
agreement 

Nasal mucosa Experimental The existence of a naso-gemtal relationship 
has been suspected for over half a century Recent physiologic observations 
afford some basis for the presumed chnical relationship between the nasal mucosa 
and genital function Some of these experimental findmgs have been reviewed 
by Rosen (1942), who was able to demonstrate an immtemipted nervous path- 
way from the nasal mucosa to the anterior pituitary, na the sphenopalatine and 
■\^dian ganglia Pseudopregnancy, it was learned, could be produced m the rat 
by excision of the sphenopalatme ganghon, which mterrupted the non-olfactory 
innervation of the nose The nasal mucosa has been associated with ovarian 
fimction m the rhesus monkey by the observation of Mortnner, Wnght, and 
CoUip (1936) that peaks of nasal activity, vascular m nature and consisting of 
reddemng and sweUmg of the conchae, occur predommantly m menstruating 
monkeys, usually dunng the premenstruum In order to detemune the effect 
of estrogens on cihated mucosa, Boyd, Clark, and Perry (1941) apphed vanous 
concentrations of them topically to the buccoesophageal mucosa of the frog 
Stimulation of cihary movements was produced by solutions containing 0 07 
- 0 2 mgm of estrone per 100 cc of sahne, 0 002 - 0 02 mgm of estnol per 100 cc 
and 0 00006 - 0 0002 mgm of estradiol per 100 cc Higher concentrations 
exerted an inhibitory effect on the ciha These reactions occurred mdependently 
of the blood supply, for the mucosa was examined after bemg stopped from the 
frog’s body 

Chmcal FoUowmg their observations on monkeys Mortimer, Wnght, and 
Colhp (1937) were led to attempt the treatment of patients ivith atrophic rhimtis 
by means of locally applied estrogen After spraying oily solutions of estrone 
and estradiol (0 1 mgm per cc ) mto each nostril twice daily, 31 out of 38 patients 
expenenced a significant degree of improvement in 2 - 6 weeks Using sunilar 
treatment, coupled sometimes with local swabbmg or packmg of the nose with 
cotton pledgets dipped m estrogemc solution, Blaisdell (1938), Eagle, Baker, and 
Hamblen (1939), and Safer (1942) also reported good results m the treatment of 
atrophic rhmitis Biopsy specimens, however, which Eagle, Baker, and Hamb- 
len obtamed from the middle turbmates m several cases before and after 
treatment, failed to reveal any consistent histological changes 

The sattir techmque of treatment was used later by Mortuner, Wnght, 
Thomson, and Colhp (1939) for patients with so-called constitutional deafness 
The daily nasal msufllation of 1 cc of oil contammg 1000 I U of estrogen was 
reported to result m "marked unprovement of the aural defect and significant 
amehoration of the heanng level’’ m certam patients with this disease 
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Multiple bemga papilloiDflta of the larynx occur typically m young children 
and tend to stop growing at puberty Suspecting a relationship between this 
alteration m the course of the disease and the laryngeal changes which occur 
under gonadal influence, and stiinulated by the success of Te Lmde and Brawner 
m their treatment of gonococcal vagmitis by the direct application of estrogen to 
the vagmal mucosa, Broyles (1940) attempted to treat laiyngeal papillomas m 
children by appljung the hormone directly to the larynx. Whereas other forms 
of therapy for this condition have been unsatisfactory, Broyles reported distmct 
improvement, with regression of the groarths, m 6 cases Treatment consisted 
of a weekly spraymg of the larynx, through a direct laryngoscope, with about 
0 1 cc of an oily solution of Anmiotm contammg 10,000 I U per cc 

COMMENT 

There is abundant evidence m various species of animals and m man that the 
steroid and synthetic sex hormones can be absorbed m functional quantities from 
several of the body surfaces To illustrate, growth of the prostate and semmal 
vesicles resulted from the apphcation of testosterone to the penis of the rat 
(Wigodsky and Greene, 1940) Pratt and Smeltzer (1929) described the nasal 
absorption of estrogen m the human and the nasal and conjunctival absorption 
of estrogen m the rat Experiments on the absorption of steroid hormones from 
the mucous membranes of the mouth were reviewed m a recent paper by Comer 
(1944) Vagmal absorption of estrogen, sufficient to mduce menstruation m 
castrated monkeys, was reported by Powers, Varley and Morrell (1929) 

Most impressive, both because of their large number and vanety and because 
of their practical beanng on human therapeutics, are the experiments which de- 
monstrated the percutaneous absorption of the sex hormones Estrone apphed 
to the skm m an oily vehicle caused vagmal estrus m spayed albmo rats (Baer, 
1939) and mice (Zondek, 1938) When the hormone was dissolved m benzol, ether, 
or alcohol it was just as efiective administered percutaneously as when mjected. 
Burrows (1946) has foimd that one drop of an estrogemc solution, apphed lo- 
cally to the skm of the mterscapular region of mice twice a week, produces all 
the recognized estrogemc effects m the treated animals, mcludmg mammary 
cancer 

The androgen “Enarmon”, rubbed mto the skm of castrated immature male 
rats, caused development of the accessory sex organs (Ito, Hajazu and Kon, 
1937) Sexual receptivity was mduced m castrated female gumea pigs by the 
percutaneous administration of estrogens followed by progestm (Leighty, Wick 
and Jeffnes, 1940) In males of the same species Moore, Lamar, and Beck 
(1938) produced growth of the mpples by rubbmg an estradiol cream mto the 
dorsal skm of shaved animals, and Rumen (1932) produced mammary growth 
m rats, even m hypophysectomized males, by rubbmg estrogen mto the ventral 
skm In a later report Zondek (1941), usmg estrogens percutaneously agam, con- 
firmed the observation of Bloch and Schrafl (1932) that these hormones mcreased 
the pigmentation and resulted m a strongly positive “dopa” reaction m the gumea 
pig’s nipple and areola Accordmg to an editorial m The Lancet (1938) a 
group of males employed m packing ampules of estrogemc material developed 
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even m the relatively large dose of 10 gamma daily, failed to modify the bill’s 
response to 0 26 gamma of testosterone when both were apphed locally This 
contrasts with the mhibitoiy effect of estrogen on the response of the capon’s 
comb to androgen 

Because of its sunphcity, specificity, low cost, and greater sensitivity, Keiffer, 
Hooker, and Kirschbaum regard this test as superior to the chick’s comb for the 
quantitative assay of androgens * Values obtamed by them m assaymg crude 
extracts of testicular tissues of pigs and bulls by the two methods were m good 
agreement 

Nasal mucosa Experimental The existence of a naso-gemtsil relationship 
has been suspected for over half a century Recent physiologic observations 
afford some basis for the presumed chnical relationship between the nasal mucosa 
and gemtal function Some of these experimental findmgs have been reviewed 
by Rosen (1942), who was able to demonstrate an unmtemipted nervous path- 
way from the nasal mucosa to the antenor pituitary, via the sphenopalatme and 
"Vidian ganglia Pseudopregnancy, it was learned, could be produced m the rat 
by excision of the sphenopalatme ganghon, which mterrupted the non-olfactory 
mnervation of the nose The nasal mucosa has been associated with ovanan 
function m the rhesus monkey by the observation of Mortimer, "Wnght, and 
Colhp (1936) that peaks of nasal activity, vascular m nature and consisting of 
reddetung and sweUmg of the conchae, occur predommantly m menstruatmg 
monkeys, usually durmg the premenstruum In order to determme the effect 
of estrogens on cihated mucosa, Boyd, Clark, and Perry (1941) apphed vanous 
concentrations of them topically to the buccoesophageal mucosa of the frog 
Stimulation of cihary movements was produced by solutions contammgOO? 
- 0 2 mgm of estrone per 100 cc of salme, 0 002 - 0 02 mgm of estnol per 100 cc 
and 0 00005 - 0 0002 mgm of estradiol per 100 cc Higher concentrations 
exerted an inhibitory effect on the cilia These reactions occurred mdependently 
of the blood supply, for the mucosa was exammed after bemg stnpped from the 
frog’s body 

Clinical FoUowmg their observations on monkeys Mortimer, "Wnght, and 
Colhp (1937) were led to attempt the treatment of patients ivith atrophic rhmitis 
by means of locally apphed estrogen After spraymg oily solutions of estrone 
and estradiol (0 1 mgm per cc ) mto each nostril twice daily, 31 out of 38 patients 
expenenced a significant degree of improvement m 2 - 6 weeks Usmg similar 
treatment, coupled sometimes with local swabbmg or packmg of the nose with 
cotton pledgets dipped m estrogenic solution, Blaisdell (1938), Eagle, Baker, and 
Hamblen (1939), and Safer (1942) also reported good results m the treatment of 
atrophic rhmitis Biopsy specimens, however, which Eagle, Baker, and Hamb- 
len obtamed from the middle turbmates m several cases before and after 
treatment, failed to reveal any consistent histological changes 

The same techmque of treatment was used later by Mortuner, Wnght, 
Thomson, and Colhp (1939) for patients with so-called constitutional deafness 
The daily nasal msuffiation of 1 cc of oil contammg 1000 I U of estrogen was 
renorted to result m “marked improvement of the aural defect and significant 
SehomtionXe hearmg level” m certam patients with this disease 
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viduals vanes in its sensitivity to estrogenic stimulation If normal ovanan 
activity has failed to produce adequate mammaiy development, large amoimts of 
estrogen would seem to be required for a reasonable expectation of a favorable 
response In women of the childbearmg age the possible impairment of their 
fertihty, even though it be temporaiy, might well be a more important consid- 
eration than an augmented bust measurement, and hence be an effective deter- 
rent against estrogemc therapy 

A stronger objection agamst prolonged estrogemc treatment is based upon its 
possible relation to carcmogenesis In mice, and to a lesser degree m a few other 
species, hormonal factors are of fundamental importEince m the production of 
cancer, especially mammary cancer Castration dramatically reduces the m- 
cidence of mammaiy cancer m females of a susceptible stram (Lathrop and 
Loeb, 1916), and estrogemc treatment of male mice, which normally do not get 
the disease, results m tumor formation m them (Lacassagne, 1932) Utenne 
cancers have also been produced m experimental animals by means of estrogens 
(review by Greene and Brewer, 1941) 

The relationship between cancer and estrogens is by no means as clearly es- 
tablished for man as for mice Suspicion is aroused, however, by case reports 
like those of Allaben and Owen (1939), Auchincloss and Haagensen (1940), 
and Parsons and McCall (1941), m which breast cancer developed m women who 
had been receivmg estrogemc hormone for 1-4 years, and those of Henry (1945) 
m which a defimte adenocarcmoma of the endometnum was discovered m one 
patient and a “precancerous” endometnal hyperplasia m another, after 3 years 
of treatment with stilbestrol and estradiol, respectively Fremont-Smith, Meigs, 
Graham and Gilbert (1946) have recently reported another case m which endo- 
metnal cancer appeared m a patient dunng a prolonged penod of estrogemc 
therapy The reviewer has personal records of several similar cases The obser- 
vations of Herrell (1937) have also suggested the importance of the contmuous 
action of endogenous estrogens for the development of carcmoma of the endome- 
tnum, but Taylor and Millen (1938) indicated that there is reason for questiomng 
this concept Mention has already been made of the possible danger of estro- 
gemc treatment of kraurosis and leukoplakia vulvae 

In the absence of more precise knowledge on this subject, a properly conser- 
vative attitude demands that prolonged estrogemc therapy, either local or 
systemic, be withheld from patients with a personal histoiy of cancer of the 
breast or uterus, with a strong f amilial disposition to cancer, or with a precan- 
cerous gemtal lesion The same type of reasonmg leads to the conclusion that, 
until it can be deffmtely shown that they have no relation to the development of 
prostatic tumors, androgens should be administered to men with caution and 
for short periods of time, whether by rejection or by inunction 
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tender swelling of the breasts as a result of handling the estrogenic compound 
More recently 28 additional cases of frank gynecomastia, confirmed m 3 by his- 
tological examination, were reported among a group of 38 men engaged m the 
manufacture of stilbestrol (Rtzsunons, 1944) In the experiments of Ito, 
Hajazu, and Kon an estrogemc cream rubbed mto the skin of infantile female 
monkeys caused within 2 weeks reddenmg and swelhng of the sex skm, enlarge- 
ment of the nipples, and an mcrease m utenne size Loeser (1937) reported 
turgescence of the penneal region of castrated baboons and enlargement of the 
breasts of castrated and amenorrheic women after rubbmg estradiol benzoate 
mto the skm He also found it possible to reheve menopausal flashes m 2 
patients by this method of givmg estrogen Salmon (1938) observed full es- 
trogemc changes m the vagmal smears of patients with httle or no ovanan func- 
tion, foUowmg the mghtly munction of their skm with an omtment containing 
estradiol So effective is percutaneous absorption of estrogens m the human that 
Zondek (1938) repprted satisfactory results m the treatment of menopausal 
arthritis as well as cases of primary and secondary amenorrhea with ^ estrogenic 
omtment 

The literature cited m this review has shown that localized tissue response to 
the sex hormones can be ehcited by the direct apphcation of these compounds to 
some of the body surfaces and mtemal organs The concentration and amount 
of hormone required for the production of its effect locally without at the same 
time allowmg significant systemic absorption, necessitates careful regulation 
such as IS usually possible only m laboratory animals, several of which can be used 
m an experiment and be subjected to different doses The fine adjustment of 
dosage necessary to permit a local action without systemic effects cannot be 
achieved consistently m the treatment of human patients In attemptmg local 
therapy with either estrogens or androgens one must accept the fact that the 
amount of hormone applied, if it is to accomphsh the desired local effect, will 
probably result m systemic absorption also What, then, are the risks associated 
with the systemic absorption of these hormones? 

Clmical expenence has shown that adequate local estrogenic treatment for 
vulvovagmitis can be given to voung girls with a relatively low mcidence of un- 
desired side effects Shght mammary enlargement and occasional utenne 
bleedmg, when they do occur, can reasonably be regarded as mild and transient 
comphcations Their importance hes primarily m them psychological effect 
The prescnption of prolonged or repeated courses of estrogenic munctions for 
mature women requires more cucumspection The contmuous admmistration 
of estrogens mterferes with normal ovanan function In a large proportion of 
women with madequate breast development, for whom estrogemc munctions 
seem mdicated for cosmetic reasons, ovanan function is already at a low level, 
makmg this consideration unimportant In others, however, m whom the 
mammaiy defect exists despite the presence of normally functionmg ovanes, a 
depression of the latter is hable to result from treatment adequate for breast 
development As m the vanous species of animalB, even among different strams 
of the same species, so m the human bemg the mammaiy tissue of different mdi- 
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viduals -^anes m its sensitmty to estrogenic stimulation If normal ovanan 
activity has fafled to produce adequate mammary development, large amounts of 
estrogen vould seem to be required for a reasonable expectation of a favorable 
response In ivomen of the childbeanng age the possible impairment of their 
fertihty, even though it be temporarj', might well be a more important consid- 
eration than an augmented bust measurement, and hence be an effective deter- 
rent against estrogemc therapy 

A stronger objection against prolonged estrogemc treatment is based upon its 
possible relation to carcmogenesis In mice, and to a lesser degree m a few other 
species, hormonal factors are of fundamental importance m the production of 
cancer, especially mammarj" cancer Castration dramaticall} reduces the m- 
cidence of mammary’’ cancer m females of a susceptible stram (Lathrop and 
Loeb, 1916), and estrogemc treatment of male imce, which normally do not get 
the disease, results m tumor formation m them (Lacassagne, 1932) Utenne 
cancers ha've also been produced m e'vpenmental nnimnls by means of estrogens 
(re\new by Greene and Brewer, 1941) 

The relationship between cancer and estrogens is by no means as clearly es- 
tablished for man as for mice Suspicion is aroused, howe'ver, by' case reports 
like those of AJlaben and Owen (1939), Auchmcloss and Haagensen (1940), 
and Parsons and McCall (1941), m which breast cancer de%'eloped m women who 
had been recei-vmg estrogemc hormone for 1-4 years, and those of Henry (1945) 
m which a defimte adenocarcmoma of the endometnum was discovered m one 
patient and a “precancerous” endometnal hyperplasia in another, after 3 y’ears 
of treatment with stilbestrol and estradiol, respectn’ely Fremont-Smith, Meigs, 
Graham and Gilbert (1946) have recently reported another case m which endo- 
metrial cancer appeared m a patient durmg a prolonged penod of estrogemc 
therapy The reviewer has personal records of several similar cases The obser- 
vations of Herrell (1937) have also suggested the importance of the contmuous 
action of endogenous estrogens for the development of carcmoma of the endome- 
tnum, but Tay lor and hldlen (1938) mdicated that there is reason for questionmg 
this concept Mention has already been made of the possible danger of estro- 
gemc treatment of kraurosis and leukoplakia vul\ ae 

In the absence of more precise knowledge on this subject, a properly conser- 
vative attitude demands that prolonged estrogemc therapy, either local or 
syatemic, be withheld from patients -with a personal history' of cancer of the 
breast or uterus, -with a strong famihal disposition to cancer, or -with a precan- 
cerous gemtal lesion The same type of reasonmg leads to the conclusion that, 
until it can be defimtely shown that they have no relation to the development of 
prostatic tumors, androgens should be administered to men -with caution and 
or short periods of time, whether by mjection or by munctioru 
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PTEROYLGLUTAMIC ACID AND RELATED COMPOUNDS 

T H JUKES AND E L R STOKSTAD 
From the Lederle Laboratories Division, American Cyanamid Company 

PEAHIi HIVEK, NEW YORK 

I T IS A coiuiON OBSERVATION that the mteipretation of scientific studies often 
becomes possible in the bght of knowledge that is subsequently acquired 
This observation has a strong apphcation to an evaluation of the early work 
m the field of nutritional deficiencies Descnptions of the specific lesions arising 
from the lack of a vitamm have commonly preceded ahke the experimental 
defimtion of the uncomplicated deficiency and the chemical imderstandmg of 
the missmg nutrient Particularly is this to be noted m the case of the vitamm 
B factors The recogmtion and identification of the “newer” members of the 
vitamm B complex was preceded by early work which descnbed nutritional 
lesions With the progress of knowledge, more complete basal diets became 
possible as one bj-- one the B vitamms were made available m pure form In 
the case of pteroylglutamic acid, the mteipretation of biological results was 
comphcated by the existence of several naturally occurrmg denvatives of a parent 
molecule and by the variation which was encoimtered among different species 
of test organisms m response to these derivatives 
The biological effects of pteroylglutamic acid have been observed under a 
variety of circumstances which hai e given nse to a number of different names 
for the vit amin The more commonly used names are hsted m table 1 The 
name “fohc acid” is widely used, doubtless due to its brevity and euphony, 
but smce this name refers to an unidentified factor which was measured with 
Streptococcus lactis R, it is preferable to adopt the somewhat more cumbersome 
but chemically defined term, pteroylglutamic acid Not mcluded m table 1 
are two conjugates which have been isolated m pure form, “fermentation L 
casei factor” and “vitanun B, conjugate” For “fermentation L casei factor” 
(1) the name pteroyltnglutamic acid has been used (2), and m keepmg with 
this nomenclature we have used the term pteroylheptaglutamic acid m preference 
to the longer name pteroylhexaglutamylglutamic acid (3) for “vitamm Ba 
conjugate” 

The complexity of the nutritional relationships of the pteroylglutamic acid 
“family” of compounds has been to some extent lessened by recent studies 
m the fields of enzymology and structural chemistry The foUowmg observa- 
tions bear on the subject 

1 The parent molecule, pteroylglutamic acid, consists of a ptendme groupmg 
linked through para-ammobenzoic acid to a smgle glutamic acid residue (fig 1) 
2 Successive molecules of glutamic acid may be attached m peptide hnkage 
to the first glutamic acid radicle Compounds with respectively three and seven 
glutamic acid groups have been isolated These compounds have been termed 
“conjugates” 
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3 The growth of the test organism S fecahs R is not markedly promoted 
by either of the two conjugates, the conjugate with seven glutamic acid groupmgs 
does not appreciably stimulate the growth of LacfcbaciHus casei 

4 Certam animals, mcludmg chicks, rats and, probably, monkeys, can utihze 
the conjugates as sources of pteroylglutamic acid when fed 

5 The conjugates are spht with the liberation of pteroylglutamic acid by 
specific enzyme systems which are present m mammalian liver and kidney, 
avian pancreas, and other animal tissues Such a system is also present in 

TABLE 1 


Nomendature of prepartUtons hasnng biological activity presumably due to pteroylglutamic acid 


NAUS 

PBSClIPgON 

PATE 

xxnuiNCX 

None 

Ye&st extr&otf effective in the treatzneiit 
tropical macrocytic anemia 

1931 

(4) 

Vitainm M 

1 

Yeast and bver extract, effective against 
nutritional cytopenia m monkeys 

1638 

(S) 

Factor U 

Yeast extract, promoted groivth in chicks 

1938 

(6) 

Vitamm B, 

Adsorbed on fullers’ earth, prevented nu- 
tntional anemia m chicks 

1639 

(7) 

Nonte eluate factor 

From yeast and bver, active for L caset 

1940 

(8) 

Fobo acid 

Active for S lactis R, concentrates pre- 
pared from spinach 

1941 

(9) 

L caset factor 

Isolated from bver and yeast 

1943 

(10) 


In addition to the above, less clearly defined fractions have received separate names, 
including vitamins Bjo and Bn (11) and factors R and S (12) 


certam vegetable materials, mcludmg almonds and potatoes, but is perhaps ab- 
sent from S fecahs R These observations are thought to account for the finding 
that certam preparations were active when fed to deficient animals but were 
relatively mert m the microbiological assay Treatment of such preparations 
with the specific enzyme system usually mcreases their potency m the micro- 
biological assay 

6 The erythro 03 de maturation factor of TJ S P concentrated liver extracts 
IB not identical with pteroylglutamic acid, although the factor and pteroyl- 
glutanuc acid both produce identical hemopoietic responses m patients with 
addisoman pernicious anemia 

7 An “mcomplete” molecule, pteroic acid, has been synthesized by omittmg 
glutamic and It consists of a ptendme groupmg linked to para-ammobenzoic 
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acid, and is biologically active for S fecahs R but not for L caset or for cbicks 
or rats (table 2) 

Tropical macrocytic anemia and its counterpart in monkeys A descnption of 
“tropical macrocytic anemia” appeared m 1931 (4) The disease ivas found to 
have a blood picture similar to that m addisonian pernicious anemia but the 
other symptom-complexes associated with pernicious anemia were not present 
The condition was observed m women patients m Bombay and was at times 
comphcated by pregnancy The administration of “Marmite”, a concentrated 
extract of autolyzed yeast, 4 grams 2 to 4 times daily, was found to reheve 
the anemia In a further co mmuni cation (13) a similar condition was descnbed 
m monkeys, the use of which animals had been imdertaken to mvestigate the 



HOOC— CH, 

Rg 1 Pteroylglutanuo acid, N— [4 — {[(2-aimno-4-hydroxy-6-ptendyl)metIiyl]ainino)- 
bentoyljglutainio acid 


TABLE 2 


Btolofftcal aclmltes of pteroylglutamtc actd and related tubstances 


VAKT 

UlATIVX ACnVUT 

AUIIVXTI TOS 

5 P4ealbR 

L Casti 

CUck 

Eat 

Pteroio floid 

60 

0 01 



Pteroylglutamio aoid 

100 

100 

-h 

+ 

Pteroyltnglataimo acad (Fennenta- 





tion L caeet factor) 1 

7 6 

80 

+ 

+ 

Pteroylheptaglutamio acid (Vitanun 





B, conjugate) 

0 3 

0 2 

+ 

+ 


nature of the missing dietary factor needed m tropical macrocytic anemia 
The animals were placed on a diet s imil ar to that consumed by women m Bombay 
who developed the anemia and a macrocytic anemia was produced m the mon- 
keys which could be cured by feedmg Marmite or by oral or parenteral ad- 
ministration of hver extracts which were active m the cure of tropical macroc3diG 
anemia m h uman patients 

Studies of the bone marrow m the aneimc monkeys showed a preponderance 
of megaloblastic cell types, and photographs of bone marrow preparations mdi- 
cated a contrast between the marrow pictures respectively m monkeys with the 
nutritional anemia, m normal monke}^ and m monkej^ rendered anemic by 
massive hemorrhage (13) Further experiments (14) were concerned with studies 
of the active factor m liver, the erythrocyte and reticulocyte responses m de- 
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ficient monkeys were used as criteria m the assay It was possible to differen- 
tiate the factor from the anti-pemicious-anemia factor of concentrated liver 
extracts, two preparations were encountered which were active for pernicious 
anenua m human subjects yet which produced no response m the experimental 
monkeys In another article (16), the fractionation of liver extract by treat- 
ment with saturated ammomum sulfate was descnbed, it was foimd that the 
anti-permcious-anemia factor was precipitated, while the factor effective m 
monkey anemia was not precipitated An extract prepared from yeast was 
subjected to similar treatment, and agam the active factor for monkeys remamed 
in solution The factor was differentiated from thiamme, nboflavin and nico- 
tmic acid (14) 

The above observation that several types of purified liver extract which were 
potent m the treatment of pernicious anemia had no effect m cunng the anemia 
m monkeys even when administered m “enormous doses” was paralleled by 
similar observations with human subjects with tropical macrocytic anemia 
It was found that seven cases did not respond to a batch of “Anahaemin” which 
had been demonstrated to be effective m the treatment of pernicious anemia 
(16) There was no reticulocytosis, no climcal improvement, and no appreciable 
nse m red cell count durmg the 10-day penod of treatment Anahaemm has 
been descnbed (17) as “a concentrated preparation of the erythrocyte maturation 
factor prepared by the method of Dabn and West Durmg precipitation it is 
completely precipitated with 99 per cent alcohol, taken through two ammomum 
sulfate fractionations, and one remeckate precipitate Anahaemm m 2 co 
contams a fraction denved from 450 grams of fresh liver” 

It has been postulated that the factor of Wills differs from both pteroyl- 
glutamic acid and the erythrocyte maturation factor (18) Tlie evidence for the 
differentiation from pteroylglutamic acid was not striking, a patient failed to 
respond to the very small dose of 1 3 milhgiams of pteroyltnglutamic acid for 
10 daj's, follownng which a response was obtamed to large doses of a cnide liver 
preparation It has been established (19, 20) that pteroylglutamic acid will 
cure a deficiency symptom m monkeys which appears to be similar m all respects 
to the condition first described by Wills and co-workers and it is also evident 
that pteroylglutamic acid ivill produce a prompt remission m nutntional macro- 
cytic anemia and in the macrocytic anemia of pregnancy (21, 22, 23), indeed 
there is one report (24) descnbmg remission of macrocytic anemia of pregnancy 
following treatment wuth pteroylglutamic acid m India under conditions which 
would appear to relate to the earlier obsenmtions (4) The pteroylglutamic acid 
content of Marmite is not knoivn, but yeast, from which hlarmite is prepared, is 
a good dietary source of pteroylglutamic acid and its conjugates The pre- 
ponderance of the evidence mdicates that the fiist observation of pteroylglutamic 
acid deficiency was made by Wills in human subjects and that her e\-penments 
were the first to differentiate pteroylglutamic acid from the eiy'throcyte matura- 
tion factor of concentrated liver extracts 

Other sludtes of blood dyscrasias of nutntional ongin in moni cys, "vitamin 
M” From time to time, reports of cx-penments with monkeys on restneted 
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diets have revealed the occurrence of a nutntional deficiency syndrome which 
was charactenzed by oral, gastromtestinal and hemopoietic disturbances It 
was pomted out m a recent review (25) that obsenmtions were made m 1919 
(26) which descnbed diarrhea and dysentery m monke 3 'sondietsconsistinglargely 
of autoclaved nee Attention was also drawn (25) to the reported appearance 
of the syndrome m several laboratones and under vanous dietary regimes 

A separate series of mvestigations with monkej’^s was started m 1935 (27) 
In an attempt to produce nboflavm-deficiency cataract, a cooked diet of polished 
nee, ground wheat and punfied casern was used, supplemented with cod liver 
oil, salt mixture and orange A deficiency syndrome was encountered which 
was marked bj’' anemia and leucopema, ulceration of the gums, diarrhea, and 
susceptibflity to baciUary d 3 ^ntery The disease terminated fatally wathm 
26 to 93 days if allowed to progress It was prevented by brewers’ dned yeast, 
10 grams daily or by a hver-stomach preparation, 2 grams daily (28) 

It was reported (29) that nboflavm did not appreciably alter the course of 
the disease, termed “nutritional cytopema”, and that mcotimc acid, 10 mgm 
or 50 mgm daily, did not prevent the devlopment of the syndrome and did not 
postpone its fatal termination The term “vitamm M’’ was proposed for the 
factor which prevented nutntional cytopema in the monkey Other features 
of the disease mcluded edema (30) and susceptibihty to vanous experimental 
infections (31, 32) The resistance of normal monkeys and the susceptibihty 
of “vitamm-M-deficient’’ monkeirs to bacterial dj^ntery was stnkmgly demon- 
strated (33) 

An article from another laboratory (34) established the important pomt that 
leucopema developed m monkeys which received a punfied diet which was 
supplemented with certam vitamins, the efi'ect of some of which had not been 
previously reported The list mcluded thiamme, nboflavm, pyndoxine, macma- 
mide, calcium pantothenate and ascorbic acid The additional administration 
of 50 mgm each of cholme and para-ammobenzoic acid was meffective This 
report differentiated the protective factor from the known members of the 
vitamm B complex, with the possible exception of biotm In addition, a new 
hght was cast upon the possible nature of the umdentified factor, it was reported 
that a “fohe acid concentrate” produced a white-cell response As a result of 
assays of vanous supplements with Streptococcus fecalts R, doubt was later cast 
upon the possible identity of vitamm M with “fohe acid” (25) , this was, however, 
before studies with enzyme preparations had revealed the presence of micro- 
biologically-mert conjugates of pteroylglutamic acid m natural foods With 
the use of such enzyme preparations, prepared from rat liver, it was found that 
materials which were good sources of “vitamm M” were also good sources of 
“bound fohe acid” which was hberated m the free form upon treatment with the 
bver preparation (35, 36) and the concept of the possible identity of the “S 
laclis R stimulatmg substances together with the substances enzymatically 
convertable to such factors” with “vitamm M” was advanced (37) FmaUy 
it was demonstrated that pteroyltnglutamic acid, 4 or 4 5 mgm per monkey in 
divided doses over a penod of a few days, produced prompt and complete remis- 
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Sion of nutntional cytopenm in monke3f8, with a return of the granulocyte and 
total counts to normal levels, and with marked reticulocyte crises (19) At- 
tention was drawn to the observation that the reticulocyte responses of the 
monkej^ to pteroyltnglutamic acid were greater than the correspondmg responses 
of permcious anemia patients to adequate therapy (38) Monkeys on purified 
diets supplemented with all the known vitamm B factors except pteroylglutanuo 
acid developed clmical and hematological signs of nutritional deficiency (20) 
Two of the animals were treated with pteroylglutamic acid, 0 1 to 0 36 mgm , 
at various mtervals Clinical and hematological remissions were observed 

Monkeys were fed a punfied diet and a gradual loss of weight was observed 
followed by a syndrome which mcluded anorexia, leucopema and lowered resist- 
ance to secondary infections and which had a fatal termination Feeding a 
nonte eluate fraction of liver, which contamed "folic acid", was found to promote 
growth and to alleviate leucopema (39) More recently, studies from the same 
laboratory have mdicated that even when a “fohc acid” concentrate was sup- 
phed, further addition of whole hver was necessary for optimum growth and 
"blood regeneration” m monkeys (40) The activity of the hver preparation 
was very easily destroyed by heatmg (41) 

Monkeys were mamtamed on a punfied diet deficient m pteroylglutamic acid 
and the effect of the deficiency on experimental pohomyehtis was studied (42) 
An mcreased resistance to the disease was observed when a subacute nutntional 
deficiency was produced by mamtammg the animals on a suboptunal level of a 
hver "fohc acid” concentrate, but no resistance was observed m “acute” pteroyl- 
glutamic acid deficiency 

It was stated (43) that a concentrate "showmg high Bio and Bu activity” 
for the chick was inadequate as a source of fohc acid for the monkey Pre- 
sumably “Bio and Bu activity” is an expression of the presence of conjugated 
pteroylglutamic acid, m which case this findmg may be contrasted with the 
parallel drawn (36, 36) between vitamm M activity and the presence of “bound 
fohc acid” which was hberated into a microbiologicaUy active form by enzymic 
digestion 

Biological effects of xanthopterin Rats three to four weeks old when fed ex- 
clusively on goats' TTiilk were found to develop an anemia which did not respond 
to supplementation with iron The erythrocyte count fell to around 1 million 
per cu mm and the blood picture was of the macrocydac type (44) Typical 
reticulocyte responses were obtamed with hver preparations and the condition 
was used as a method of testmg such preparations (46) The animals showed 
sprue-like symptoms, so that the condition was termed “rat sprue” In another 
mvestigation of goats’ milk anemia (46) fractionation of liver and human unne 
mdicated that the active material had properties resembling those of uroptenn 
(xanthopterm) Accordingly, a sample of uroptenn was obtamed from Kos- 
chara This was mjected at vanous levels, the effect on the erythrocyte counts 
was followed and graded responses were obtamed over a rage of 0 6 to 1 0 nncro- 
gram, 10 nucrograms did not appear to cause a greater response than did 1 
microgram and levels of 1 or 10 nucrograms produced an elevation of 2 to 3 
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million m the erythrocyte count m 14 daj^s This axpenment was the first due 
to the chemical nature of pteroylglutamic acid In contrast to the precedmg 
report (44), the anemia "nas stated to be also relieved by iron and copper Fail- 
ure on the part of Rommger to confirm the results with uropterm was noted (47) 
However, a subsequent report (48) mdicated that \anthoptenn, 20 micrograms 
daily, produced a growth response and an mcrease m the white cell count in 
rats receivmg a purified diet contammg succm 3 dsulfath]azole Once agam, 
(hfficulty m repeatmg these results was encountered (35, 49, 50, 61) 

Xanthopterm was found to have a hemopoietic effect when 50 micrograms was 
mjected mto fingerlmg salmon with nutntional anemia (62) The salmon were 
made anemic by feedmg “a high protem diet which contains yeast as a source 
of the vitamm B complex” The red cell counts per cu mm ranged from 416,000 
to 916,000 for the control fish and from 659,000 to 1,305,000 for the mjected 
fish 2 to 3 days after the rejection 

A consistent but transitory response was obtained when monkeys with nu- 
tritional cytopenia were treated with xanthopterm 2 5 to 10 mgm daily (63) 
The response consisted of a reticulocyte rise and a marked increase m both white 
and red ceU counts, but the counts soon dechned agam, and three of the four 
animals died 

When fresh rat hver tissue was incubated with xanthopterm, a marked in- 
crease m the “fohc acid” content of the preparation was obtamed as compared 
with rat hver which was mcubated alone or with leucopterm, ademne, guanine, 
xanthme, uracil or cytosine The “fohc acid” content was measured by assay 
with L casei (60) This observation was confirmed (36), and it was noted that 
the hver tissue of monkeys, but not that of chicks, appeared to show a higher 
"fohc acid” content when mcubated with xanthopterm than when mcubated 
alone In another report, it was stated that the “fohc acid” content of rat hver 
and muscle was influenced durmg digestion by vanous factors mcludmg neutral 
salts, cyamde, xanthopterm, the degree of dispersion of the tissue, the pH, 
the length of the digestion penod and the addition of taka-diastase (54) A 
protective effect of xanthopterm against the destruction of “fohc acid” by 
enzyme m rat hver was suggested (65) Another obvious variable is the possible 
effect of the vanous factors upon the action of “vitamm Bo conjugase” enzyme 
eyateln (p 79) present m rat liver, particularly evident m one experiment (64, 
fig 4) m which rat hver, mcubated alone at vanous pH values was found to 
yield a maximum amount of “fohc acid” at pH 7 

Pleroylgluiamtc and tn poidiry natnhon A dietary deficiency of pteroyl- 
^utamic acid may readily be produced m young chicks on purified diets Chicks 
appear to denve very httle of their vitamm B-complex requirement from “m- 
testmal synthesis”, and they are, m contrast to rats, qmte susceptible to a 
dietary lack of pteroylglutanuc acid The ease with which deficiencies were 
produced m chicks on punfied diets led to the extensive use of this species as an 
experimental animal 

Startmg m 1938 mvestigations were made to detenmne whether the chick 
needed B-complex vitamins m addition to the factors then known The require- 
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ment of the chick for pyridoxine, mcotmic acid, choline and biotm was unex- 
plored at that tune In one report (66), nee bran extract and a fullers’ earth 
adsorbate of whey were added to a simplified basal diet Growth was unproved 
by a water-soluble factor which was present in alfalfa meal and which was pre- 
cipitated by alcohol and adsorbed to some extent by fullers’ earth, from which 
it was eluted by a mixture of water, acetone, and ammoma It was found (6) 
that chicks grew slowly on a di^ consistmg pnncipally of polished nee and 
washed fish meal, supplemented with thiamme and whey adsorbate, and with 
filtrate factor (pantothemc acid) preparations from nee bran or whey Growth 
was greatly mcreased by yeast, or by alfalfa meal or a water extract of it The 
factor, termed “Factor U’’, extracted from yeast, was adsorbed on fullers’ earth 
and eluted by a mixture of pyndme, alcohol and water Evidence for the 
presence of an umdentified factor m cereals, yeast and milk was advanced (57) 
The factor was needed for growth and hatchabihty, and was destroyed by pro- 
longed dry heat Biotin is destroyed by such treatment (58) In a further 
report on “Factor tJ’’ (59), pyndoxme was found to promote growth when added 
to the basal diet, but additional growth was produced by addmg the yeast ful- 
lers’ earth eluate The presence of a growth-promotmg factor m yeast distinct 
from thiamme, nboflavm, nicotimc acid, pyndoxme, pantothemc acid and choline 
was noted (60) 

In another mvestigation (7), acid-hydrolyzed yeast, nee pohshmgs extract, 
and alcohol extract of hver were used as supplements to a purified diet Pre- 
sumably the pteroylglutamic acid m the yeast was destroyed by the acid hy- 
drolysis A macrocytic hyperchromic anemia was developed by the clucks on 
this diet, it was stated that evidence mdicated that it was not prevented or cured 
by any vitamm previously desenbed The antianenuc factor from an un- 
desenbed source iv as adsorbed on fullers’ earth at pH 1 The factor was given the 
name “vitamm Bo’’ (61) This mvestigation was important m that it reported 
the specific anti-anenuc properties of the new vitamm and thus foreshadowed 
future developments 

Strong evidence that the nonte eluate factor required by L caset was essential 
for the chick was reported (62) A concentrate of the factor had a marked 
growth-promotmg effect when added at a level of only 0 1 gram per kilo of diet 
The “nonte eluate factor’’ for L casn is now presumed to be pteroylglutamic 
acid It was found that dispanties existed between the nucrobiological potency 
of certain concentrates and their activity for chicks Apparently on this basis, 
the existence of two new vitamins. Bio and Bn, active for chicks, was postulated 
(11) “Vitamms Bio and Bn’’ were the subject of a number of pubhcations 
(63, 64, 65) but m a subsequent report from the same laboratory (66) it was noted 
that “neither para-ammobenzoic acid nor vitamms Bio + Bn gave a supplementary 
effect m the presence of synthetic folic acid” Presumably “vitamins Bio and 
Bn” represented a conjugate or conjugates of pterovlglutamic acid 

The biological activity of crystallme pteroylglutamic acid for the chick was 
first reported m 1943 (67) “Vitamm B„” from liver vas fed at a level of 2 5 
parts per million of diet which prevented anemia and enabled good growth to 
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take place The chicks which received the punhed diet plus pteroylglutamic 
acid grew more rapidly than chicks on a “broder ration” It vas mdicated 
(68) thatO 4parts per milhon of diet was sufficient for normal hemoglobm, hemat- 
ocrit, red cell count and thrombocjde values, but about a level of 4 parts was 
required for the production of normal leucocyte lei els A comparison of injected 
and orally admmistered dosage (69) mdicated that subcutaneous mjection vas, 
if anythmg, shghtly more effective than feedmg by pipet In further studies, 
it was reported that maximum growth, with submaMmal hemoglobm response, 
was obtamed by addmg pteroylglutamic acid, either free or as the conjugate, 
at a level of 0 25 parts per million of diet (70) 

The pteroylglutamic acid requirement of chicks i\ as studied on a purified diet 
using growth, feathenng and pigmentation as criteria (71) The ntarmn was 
administered by mjection 6 tunes weekly and it was found that a level calculated 
to supply 10 rmcrograms per day produced feathenng and pigmentation equiva- 
lent to that observed m chicks receivmg 10 per cent of brewers’ yeast as a supple- 
ment to the basal diet but growth was somewhat more rapid on the yeast-sup- 
plemented diet Growth and feathenng were m proportion to the level of 
pteroylglutamic acid used 

Chicks on a punfied diet were found to need at least one part of pteroyl- 
^utaroic acid per milhon parts of diet for normal feather pigmentation and two 
parts per milhon to give growth equal to that obtamed with a hver fraction (72) 
Pteroylglutamic acid, added at levels of one to five parts per milhon of punfied 
diet, was found to be essential for the normal grow^ of feathers m chicks (73) 
The effect was not lessened by addmg sulfamerazane or certam other "mtestmal 
antiseptics” 

In experiments with chicks on a punfied diet, pteroylglutamic acid w as found 
to produce maximum growth and hemoglobm values when added at a level of 
0 5 to 1 0 mgm per kilo of diet (74) Chicks were found to need 0 25 part of 
pteroylglutamic acid per milhon parts of punfied diet for growth, feathenng and 
hemoglobm formation (66) When sulfssuxidme was added to the diet the re- 
quirement was mcreased to between 0 5 and 1 0 part per milhon In contrast, 
the pteroylglutaimc acid requirement of chicks was found not to be mcreased 
by the addition of sulfasuxidme to a punfied diet (76) Chicks were found to 
require 0 45 part of pteroylglutamic acid per milhon parts of diet for growth and 
hemoglobm formation to four weeks of age The requirement for hemoglobm 
formation to six weeks of age was stated to be shghtly less, 0 35 part per miUion 
and 0 55 part per milhon were required to produce normal feathenng at six weeks 
of age Attention was drawn (76) to earher low estimates of the pteroylglutaimc 
acid requirement of chicks (11, 63, 65, 77) which had resulted from feedmg prep- 
arations of pteroylglutamic acid conju^tes It was pomted out that microbio- 
logical assays of such conjugates, even after treatment with taka-diastase, did 
not reveal the total pteroylglutamio acid content 
PerosiB was observed m chicks on a punfied diet without pteroylglutamic acic 
and the mcidence was mcreased by addmg 2 per cent of sulfasuxidme Thi 
perosis was prevented by addmg 0 2 part per milli on of pteroylglutamic 
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to the diet mthout sulfasuxidine and 0 3 part per nuUion to the diet containing 
sulfasimdine The higher incidence of perosis on the sulfonamide-containing 
diet led to the suggestion that pteroylglutamic acid stimulated the mtestmal 
flora to produce an unknown anti-perotic factor (78) 

A relation was observed between pteroylglutanuc acid deficiency m chicks and 
an absence of the normal response to the administration of diethylstilbestrol 
(79) Large doses of stilbestrol produced an only shght mcrease m the weights 
of oviducts of young chicks mamtamed on a punfied diet which vas deficient in 
pteroylglutamic acid, but stilbestrol produced a marked mcrease m the weight of 
the oviducts of control chicks receivmg a supplement of 20 micrograms of 
pteroyltnglutamic acid daily The failure of the deficient buds to respond was 
not due merely to mamtion, for chicks with pantothemc acid deficiency and of 
comparable body weights showed substantial responses to stilbestrol as measured 
by mcrease m the weight of the oviduct 
Differentiation of pteroylglutamic acid from the erythrocyte maturation factor 
of concentrated hver extracts, previously mdicated by studies with human 
subjects and wuth monkeys (14, 16, 16), was further emphasized by observations 
with chicks In one mvestigation, an undescnbed preparation of the anti- 
permcious-anemia factor was found to be meffective m the prevention of "vita- 
mm Bo deficiency” (80) and subsequently (81) it was reported that pteroyl- 
glutamic acid was not liberated m appreciable quantities from concentrated hver 
extract by treatment with “conjugase” as supphed by dned chicken pancreas 
The maturation factor as present m hver extract was meffective for growth when 
mjected mto pteroylglutamic acid-deficient chicks at a level which would corres- 
pond, on an anti-jienucious-anemia basis, to about 0 4 mgm of pteroylglutamic 
acid daily 

Reproduction m chickens, previously not reported with punfied diets, was 
obtamed on a diet which contamed pure vitamm B complex factors mcludmg 
pteroylglutamic acid (82) 

Young turkeys were found to develop marked nutntional deficiency on diets 
deficient m pteroylglutamic acid A spastic type of cervical paralysis was ob- 
served on punfied diets which were deficient m the vitamm (83) The paralysis 
was revers^ by the admmistiation of pteroylglutamic acid These observations 
were confirmed (84) and the occurrence of a blood d3mcrasia characterized by 
macrocytosiB and elongation of the erythrocytes was descnbed The require- 
ment for pteroylglutamic acid under the conditions of the experiment appeared 
to be at least twnce as great for turkeys as for chickens 

Studies of the effects of pteroyltngluiamtc acid tn chicks This compound was 
found to be “active m the nutntion of the chick” (85) 

It was reported that pteroyltnglutamic acid, when added at the rate of 0 5 
mgm per kilo of punfied diet, was only partially effective m promotmg groivth 
and preventmg anemm (86) However, when the lactone of either 5-pyndoxic 
acid (2-methyl-3-hydroxy-4-hydroxymethyI-5-carboxy pyndme) or 4-pyndoxic 
id (2-methyl-3-hydroxy-4-carboxy-5-hydroxymethyl pyndme) was added at 

a^level of 0 6 mgm per kdo to the diet together with pteroyltnglutamic acid. 
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termed L casei factor, at the same level, a marked gam m weight was produced 
and anemia was completely prevented The names alpha and beta “pyracm” 
were proposed for the two pyndoxic acids 
Hens on a commercial diet were made anemic by bleedmg, and the rate of 
regeneration of hemoglobm was followed (87) The mjection of either 4-pyndoxic 
acid or pteroyltnglutamic acid, 50 micrograms daily, hastened the rate of the 
hemoglobm level, and when these supplements were administered together, the 
rate was still further mcreased 

In another commumcation, the mcubation of pteroyltnglutaime acid with 
fresh chick liver was found to result m an mcrease m “fohc acid content” as 
measured with S fecalts R There was a further mcrease when 4- or S-pyridoxic 
acid was added but a dimin ution when pyridoxic acid lactone was added rather 
than the acid (88) Pteroylglutamic acid was found to be effective against 
anemia m chicks without the addition of pyndo'uc acid lactone to the diet (89, 
76) Evidence wms obtamed with chicks (90) which tended to confirm the re- 
port of the supplementary effect of 4-pyndoxic acid on the utilization of pteroyl- 
tnglutamic acid The expenmental data w^re meager due to the small amount 
of pteroyltnglutamic acid which was available 
Other workers reported that pteroyltnglutamic acid without added pjmdoxic 
acid was an effective as pteroylglutamic acid, on a molar basis, m promotmg 
growth and preventmg anemia m chicks (74) (91) As compared with pteroyl- 
^utamic acid, pteroyltnglutamic acid appeared to be completely utibzed with 
or without the addition of 4-pyndo'ac acid by chicks on a diet similar to that 
descnbed by the Cornell group (91) It has also been found that pteroylhepta- 
^utamic acid was utihzed as efficiently as pteroylglutamic acid, without the 
addition of pyndovic acid, by chicks on a purified diet (92) 

R6le of pteroylglutamic acid in microbiological nulntion A summary of the 
pteroylglutamic acid requirements of microorganisms is given m table 3 
A large number of lactic acid bacteria have been shown to need pteroylglutamic 
acid for growth In an mvestigation of the nutntive requirements of lactic acid 
bacteria (8) it was shown that an umdentified growth factor existed which later 
proved to be pteroylglutamic acid Later it was shown at the same laboratory 
that this factor was recjuired by other lactic- and propiomc-acid-formmg bactena 
Streptococcus fecalis R, Lactobacillus deUrruckii, and Propionibactenum pento- 
saceum (93) 

Clostridium tetani was found to require a growth factor which could be replaced 
by concentrates of pteroylglutamic acid made from bver (94) or by a “fohc acid” 
preparation obtamed from spinach (96) Three “fohc acid” preparations of 
Widely varymg potencies as measured with S fecalis R were found to have 
correspondmg activities for Cl tetani thus mdicatmg that pteroylglutamic acid 
Was the effective agent 

The growth requirements of a large number of enterococci was mvestigated 
(96) and it was found that of 43 organisms mvestigated 9 retjuired pteroyl- 
glutamic acid It was also found by the same mvestigators that of 21 strains of 
Streptococcus laciis none required pteroylglutanuc acid (97) The requirements 
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of a large number of lactic acid bacteria for pteroylglutamic acid and the “S 
L R factor” were mvestigated (99, 104) and are descnbed m detail elsewhere 
m this review 

The nutrition of Tetrahymena geleit has been thoroughly mvestigated and this 
organism was shown to require pteroylglutamic acid (106, 110) The amount 
required for half maximum growt^h is 0 00065 microgram per ml of culture me- 
dium which IS about three tunes the amount required for half maximum growth 
by S fecaltsR (10) The “S L E. factor” which is active for S /ecalwRbut 
relatively mactive for L caset was found to be about 0 2 per cent as active as 

TABLE 3 


Activity of pteroylglutamic acid and related compounds for microorganisms 


UICXOOSOANISia 

PmOTLOLTTTAiaC Acm 

PTESOTl.- 

TRI 

OLUTAinC 

ACID 

PTiaOYL- 

HZPtA 

OLUTAiaC 
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AOD 
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Clostridium tetani 

-f (94,95,100) 






Lactobacillus casti 

-f(67) 

+ (86) 

-(70) 

-(101) 

-(102) 

+ (103) 

L helveticus 

+ (93) 






L delbruckii 

+ (93) 






L delbruckii LD5 

+ (104) 






L bulgancus D6 

+ (104) 





+ (105) 

Propionibactenum 







penlosaceum 

+ (93) 





+ (105 

Streptococcus 







durans 98A 

+ (104) 




+ (104) 

+ (105) 

8 fecdhs 732 

+ (104) 




+ (104) 

+ (105) 

S fecalts F-2i 

+ (101) 




+ (104) 

+ (105) 

S fecdhs R 

+ (104) 

±(85) 

-(70) 

+ (101) 

+ (104) 

+ (105) 

8 fecdhs S I08A 

+ (104) 




-(104) 

+ (105) 

8 tymogenes SCI 

+ (104) 




+ (104) 

+ (105) 

Tetrahymena geleii 

+ (106) 


+ (108) 

-(108) 

-(107)* 


Yeast “Old 







process” 

+ (109) 







* Approxuofltely 0^ per cent as active as pteroylglutamic acid 


pteroylglutamic acid for T geleit (110) Later it was reported by the same work- 
ers (108) that pteroylheptaglutamic acid was active This contrasts T geleit 
with S fecalts and L caset which are unable to utihze this conjugate Thus the 
abihty of T geleit to utihze the conjugate is sunilar to that of animals, and 
parallels the sunilanty of T geleit and the higher animals m ammo acid require- 
ments (111) , , , j 

It seems likely that those organisms which do not require pteroylglutamic acid 

are able to synthesize it Bacillus laclts acidt, Lactobacillus arabinosus, Lado- 
baciUus ■pentosus, Bacillus brassicae, Leuconosloc mesenleroides and Lactobacillus 
aMontt are not stimulated by pteroylglutamic acid but were able to synthesize 
significant amounts of the factor (93) 
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The synthesis of pteroylglutamic acid by five microorganisms was reported 
(112) The assays were made after papam and takadiastase digestion of the 
cells and usmg S fecalt^ R as the assay organism This enzjone treatment would 
presumably not hydrolj'^ze the con 3 ugates present so the results must be mter- 
preted to measure primarily free pterojdglutamic acid and any SLR factor 
which may be present The organisms n ere grown on a purified media contam- 
mg no pteroylglutamic acid and the cells and media assayed separately The 
results were as follows 



' locxoaxAus pxuorrci. 

OXAUDB 

CeUj 

tTMUC AdP rOTOTT) PrB 
CELLS* 

Medixnn 

Aerdbacler aerogenes (aerobic) 

5 

31 

Aerohacler aerogenes (anaerobic) 

2 

7 

Serralta marcesans 

6 

28 

Pseudomonas fluorescens j 

3 

23 

Proteus mUgans 1 

7 

7 

Closlndtum bulyltcum i 

1 

6 


• Caloulated on the basis of pteroylglutamic acid having a “potency” of 137,000 


The growth-promotmg activity of pteroylglutamic acid for S fecalis R was 
reported to be reversed by the addition of a synthetic product, “methylfohc 
acid”, which was prepared by reactmg 2,4,5-tnammo-6-hydroxy pynrmdme and 
p-ammobenzoyl-d ( — )-glutamic acid with 2 ,3-dibromobutyTaldehyde (113) 

A relationship was established between pteroylglutamic acid synthesis and 
sulfanilamide m E coli (114) A sulfonamide resistant and a sensitive stram of 
E coll were grown m concentrations of sulfanilamide which permitted some 
growth Both strains produced less pteroylglutamic acid when grown m the 
presence of sulfanilamide than m the absence of it Biotm synthesis on the other 
hand was not greatly affected by the presence of the drug which demonstrated 
that the sulfanilamide did not exert a general depressmg action on synthesis of 
all the vitamms 

While pteroyltnglutamic acid and pteroyl^utamic acid were approximately 
equally active for L casn, the shapes of them respective response curves were 
different (115) There was a lag m the response to low concentrations of pteroyl- 
tnglutanuc acid which resulted m a sigmoid shaped curve The lower part of 
the response curve with pteroyl^utamic acid approached a straight hne A 
sample of “fohc acid, potency 3100” obtamed from spmach gave the same shape 
response curve as that of pteroylglutamic acid, and on this basis it was suggested 
that the active constituent m the “fohc acid” preparation was pteroylglutamic 
acid Comparative assays with E casei and S fecalis R showed the “fohc acid" 
preparation to have the same relative' potency as pteroylglutamic acid for these 
two organisms By usmg a fohc acid preparation with potency standardized 
in terms of a hver fraction the “potency” of pteroylglutamic acid was estimated 
to be approximately 137,000 
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Para-amtnohemotc acid and its relaiton to pteroylgluiamtc acid in hactenal nu- 
iniion There is evidence that p-aminobenzoic acid functions as a precursor 
of pteroylglutamic acid in the nutation of certain bactena The bactenostatic 
effect of the sulfonamides is due m the case of some microorganisms to inhibition 
of the enzyme system which synthesizes pteroylglutamic acid from p-ammo- 
benzoic acid 

A possible mdication of the relation between p-ammobenzoic acid and pteroyl- 
glutamic acid appeared before the chemical nature of pteroylglutamic acid was 
revealed It was reported (116) that a yellow pigment w'as formed m cultures 
of a certam stram of Mycobacterium tuberculosis when it was grown m media con- 
tainmg high concentrations of p-ammobenzoic acid, and it was suggested that the 
pigment might be related to the vitaimn B complex It was also suggested that 
the enzyme responsible might be a specific oxidase (117) The pigment was 
reported to contam oxidized aromatic mtrogen groups as indicated by an increase 
of aromatic ammo mtrogen after treatment with zinc The pigment gave nega- 
tive results for the presence of “folic acid” when tested mth S fecalis R This 
negative result presumably would not exclude the possible presence of certam 
conjugates of pteroylglutamic acid which are known to be of quite low activity 
for S fecalis R Pteroylheptaglutamic acid (Table 1) is an example of such a 
conjugate The formation of the pigment could be lessened or mhibited by 
sulfamlanude (118) It was noted that a similar culture of this stram of M 
tuberculosis contamed a fraction which promoted growth m chicks This effect 
was attabuted to considerable amounts of “Bio and Bn” rather than to pteroyl- 
glutamic acid (64), the relation between pteroylglutamic acid and "Bio and Bu” 
(66) has not then been evaluated It thus appeared possible that an effect of 
p-ammobenzoic acid upon this stram of ilf tuberculosis was to mcrease the pro- 
duction of conjugated pteroylglutamic acid The nature of the yellow pigment 
(116) has not yet been descnbed 

A mixed culture of organisms was obtamed from the duodenum of chicks 
The growth rate of the culture was mcreased by p-ammobenzoic acid to the 
medium, and simultaneously a three-fold mcrease m folic acid production as 
measured by assay with S fecalis R was observed (119) 

It was noted that the growth of S fecalis R and L casei m the presence of 
pteroylglutamic acid, pteroyltnglutanuc acid or pteroic acid was affected very 
httle by sulfonamides (120) Growth of these organisms did not take place if 
p-ammobenzoic acid or p-ammobenzoyl glutamate was substituted for pteroyl- 
glutamic acid, pteroyltnglutamic acid or pteroic acid This mdicated that these 
organisms cannot form pteroic acid or pteroylglutamic acid from p-ammobenzoic 
acid or p-ammobenzoyl glutamate and that they need preformed pteroic acid or 
pteroylglutamic acid Hence there is no opportumty for a sulfonamide to com- 
pete with p-ammobenzoic acid m the nutation of these organisms With another 
orgamsm, S fecalis Ralston, which responded to p-ammobenzoic acid, p-ammo- 
benzoyl ^utamate, pteroylglutamic acid, pteroyltnglutamic acid or thymme, 
competitive inhibition between sulfadiazme and p-ammobenzoic acid or p- 
amiMbenzoyl glutamate was observed In the presence of pteroylglutamic acid. 
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pteroyltnglutamic acid or thjTnme, the organism became highl}’’ resistant to 
sulfadiazme, mdicatmg that the mhibitoi^'- action of sulfadiazine n-as due to 
mterference \nth the formation of pteroylglutamic acid from p-ammobenzoic acid 
and that when preformed pteroylglutamic acid was supphed, the organism did 
not “need” to carry out this sjmthesis and hence sulfadiazme was nomnhibitoiy 
The observations with thymme recall the prevuous observation that for certam 
bactena this substance m the absence of pteroylglutamic acid is a grou-th promot- 
mg factor, and the suggestion that the function of pteroj Iglutamic for these 
bactena is to catalyze the formation of thiunme (p 66) A third type of or- 
ganism, represented by E colt, did not require preformed ptero} Iglutamic acid, 
and the bactenostatic effect of sulfadiazme on this type was reversed bv p- 
ammobenzoic acid but not by pteroylglutamic acid, which observation might 
be presumed to mdicate that these organisms could not utilize preformed pteroyl- 
glutamic acid 

Thymine and pteroylglutamic acid A relation between the pynmidme base, 
thymme (5-methyl uracil) and “fohc acid” nns observed m studies mth S fccalte 
R (121) This lactic acid organism was enabled to grow by the addition of both 
thymme and a purme base Thymme could not be replaced b} uracil, but the 
purme requirements were less specihc, ademne and guanme bemg almost mter- 
changeable 

Thymme was also found to have a growth-promotmg effect on L caeei (103) 
A combination of both thymme and a purme base was necessarj’’ Approxi- 
mately 0 5 rmcrogram of thymme and 5 0 micrograms of guanme per ml of media 
were required to give the maximum response The ma ximum growth obtamed 
with thymme and purmes was only half that obtamed with concentrates of L 
caeei factor (pteroylglutamic acid) Thymme could not be replaced by uracil 
or cytosme while the purme requirements were met by guanme, xanthme, adenine 
or hypoxanthme 

A report on the requirements of S fecalte R showed that thymme could not be 
replaced by 4-carboxytiracil, 4-carboxythymme, or 6-carboxyuracil (109) 
Nucleic acid was foimd to be inactive as a source of thymme for jS Jecahs (122), 
mdicatmg the mabihty of the organism to utihze thymme m the form of a 
nucleic acid While no data has appeared on the activity of thymme nucleotide, 
the nucleoside thymidme has been shown to be as active as thymme on a molal 
basis (105) In this report the mactmty of a number of pynmidmes was also 
descnbed 

The mterfermg effect of thymine on the assay of pteroyl^utamic acid inth 
L casei received comment (123) 

A possible role of thymme m servmg as a substitute for “fohc acid” was 
formulated on the basis of experiments with these two compounds m the nutri- 
tion of 5 fecalis R and L casei (105) It was found that while pteroylglutaimc 
acid alone would give a response, addition of a purme was needed to give maxi- 
mum response In the presence of a purme, approximately 5,000 tunes as much 
th3’nune as pteroylglutamic acid was requir^ With iS fecalis R, thymme per- 
mitted the same maximum growth as was obtamed with pteroylglutaimc acid. 
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but 'With L caset thymme plus a punne ga've only half the maximum response 
produced by pteroylglutamic acid 

The possibility of formation of pteroylglutamic acid by S fecalts R cells 
durmg growth on thymme i\'as tested by autocla'vmg the cells with dilute hydro- 
chloric acid and assaymg ■with L casei A “plateaumg” of the L casei assay 
response at approxuna'tely half-maxnnum growth ■was characteristic of the re- 
sponse obtamed with thymme and suggested that the matenal m the S fecalts 
R cells gi'vmg the response was thymme and not pteroylglutarmc acid These 
observations led to the suggestion that pteroylglutamic acid functioned directly 
or indirectly as a coenzyme m the S3Tithesis of thymme or related compounds by 
S fecalts R Three to four micrograms of thymme ■were taken up per mg of S 
fecalts R cells durmg growth, an amount which may be compared ■with the value 
of about 2 0 micrograms of thy min pi present per milhgram of dned tubercle 
bacillus (124) 

Studies of the effect of a large number of pynmidmes on the growth of L 
caset were reported (125) Denvatives of thymme m which one or both of the 
oxygen atoms were replaced by an immo or thio group m many cases promoted 
the gro'wth of L caset The replacement of oxygen by the immo group appeared 
to lower the activity to about 0 1 that of the correspondmg o'^y compound 
Other relationships of the effect of chermcal structure upon biological activity 
■were discussed It was found that isobarbitunc acid and 5-ammo uracil reversibly 
antagomzed the growth promotmg effect of thymme or pteroylglutamic acid 
It ■was also observed that bromouracil could inhibit completely the growth of 
L caset ■with thymme as the nutnent but had no effect or produced shght stunula- 
tion when pteroylglutamic acid was used as a nutnent This observation did 
not support the hypothesis (105) that the function of pteroylglutamic acid m 
promotmg the growth of lactic acid bactena was to enable the organisms to 
synthesize thymme It ■was further observed (126) that mtrouracil at certam 
concentrations could antagomze the growth-promotmg action of pteroylglutamic 
acid but had no effect on the growth-promotmg action of thymme Thymme 
m large doses has been reported to cause hemopoietic remission m pernicious 
anemia and sprue (pp 84, 90) , the substance appears to be meffective m pre- 
ventmg pteroylglutamic acid deficiency m rats and chicks (126, 127) 

The “Streptococcus lactts R factor” A factor was descnbed which ■was highly 
active for S fecalts R, but relatively inactive for L caset (102) One microgram 
of this “SLR factor” had an actmty for S fecalts R equal to 1 25 micrograms 
of “fohc acid (potency 137,000)” but for L caset it had an activity equal to less 
than 0 00001 nucrogram of the same preparation of fohc acid Pteroylglutamic 
acid has been sho'wn to have the same potency as a “fohc acid preparation of 
potency 137,000” (116) 

A survey ■was made of the “S L R factor” and pteroylglutamic acid requme- 
ments of a number of lactic acid bactena (104) The results which appear 
m table 4 revealed that those organisms which are able to utilize the “S L R fac- 
tor” can also use pteroylglutamic acid A certam number, mostly LactobaciUi, 

M ere able to utilize pteroylglutamic acid only 3 7 
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These results also demonstrated that different strains of the same organism 
have widely diffenng requunments Thus one stram of S fecalts can use either 
the “S L R factor” or pteroylglutamic acid, another requires pteroylglutamic 
acid while a third requires neither Synthesis of pteroylglutamic acid was stated 
to be established for three of these strains 

It was also reported that certam enterococci were able to convert the “S L R 
factor” mto a form which is active for L caset It was found that 0 06 micro- 
gram of thiR factor per 10 ml of media did not permit growth of L caset but that 
1 ml of a fluid culture of “S fecalts” grown with 0 006 pg per ml of the factor 
would permit rapid growth This demonstrated that S fecalts R had converted 
the “S L R factor” mto a form active for Jj caset, which was presumed (104) 
to be pteroylglutamic acid In the same report it was stated that mcubation 
of the ‘‘S L R factor” mth rat liver suspensions did not give rise to “fohc acid” 


TABLE 4 

Streptococcus laclts R factor and pteroylglutamic acid requirement of lactic 

acid bacteria 


Organisms requiring 


' s i-i TACTO*’ o» pirioTiatc 

TMCCAOB 

pmOVXOtUTAJOC AOD 

1 

Kcrnir* 

1 

Streptococcus laclts R 

Laclobactllue casei 

Laelobactllus arabinosus 17-5 

Streptococcus fecalts 732 

Lactobacillus delbruckit 
LDS 

Leuconostoc mesenteroides 6205 

Streptococcus fecalts F24 

Lactobacillus bulgancus 
05 

Streptococcus laclts 374, 4487, 
8039, 7963, 4386, L103, L104, 
L206 

Streptococcus zymogenes 
BCl 

Streptococcus caset 19 | 

Streptococcus fecalts lOCl 

Streptococcus durans 9SA 

Streptococcus fecalts S108A 

Streptococcus zymogenes 6054 


This constituted eiudence for the belief that the “S L R factor” is not a conju- 
gate of pteroylglutamic acid smce hver enzymes are capable of cleavmg conju- 
gates 

In a later paper from the same laboratory a detailed study of the conversion 
of the "S L R factor” to pteroylglutanuc acid by vanous enterococci was 
reported (99) The abihty of these organisms to effect this conversion vaned 
ividdy Restmg cell suspensions of these organisms m phosphate buffer were 
used A 10 ml suspension of S laclts R or iS zymogenes converted 5 micrograms 
of S L R factor to about 1 0 microgram of pteroylglutamic acid^ m three hours 
a hile S fecalts 232 and S duratis 98A formed only 0 18 microgram The addi- 
tion of carbohydrates, e g d-nbose, glucose and fructose mcreased the formation 
of pteroylglutamic acid 5- to 15-fold Other carbohydrates tested permitted 
growth but did not accelerate the formation of pteroylglutamic acid Those 

1 The data have been recalculated on the basis of pteroylglutamic acid assuming that 
pteroylglutamic acid has the same actiwty as fohc acid of potency 137,000 
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sugars which could act as hydrogen acceptors as evidenced by reduction of methy- 
lene blue dunng the incubation with resting cells, were the ones capable of m- 
creasmg the rate of conversion Sucrose was unable to stimulate this conversion 
by resting ceUs which had been grown on glucose However, if the organism were 
initially grown on sucrose, then sucrose was as efficient as glucose m stimulatmg 
the conversion of the SLR factor, and methylene blue was reduced by the 
product obtained when sucrose was mcubated for three hours with resting 
cells 

In the assay of pteroylglutamic acid formed by conversion from the “S L R 
factor” the entire cell suspensions were added directly to the assay medium with- 
out any prehminaiy treatment Practically all this activity was found to be 
withm the cells When these cells were autoclaved with water only 12 per cent 
of the activity was recovered and only 28 per cent when autoclaved ivith phos- 
phate buffer However, when the cells were autoclaved m the assay medium, 
m 0 6 per cent sodium thioglycoUate solution or m 5 per cent ascorbic acid and 
then assayed, complete recovery was obtamed This suggests that reducmg 
substances exerted a protective influence durmg extraction from the cell How- 
ever, the residual pteroylglutamic acid m the liqmd phase after autoclavmg was 
resistant to further autoclavmg These results emphasize the difficulties that 
can be encountered m assaying microbial cells and the care needed to assure 
complete extraction 

The “S L R factor” (“rhizoptenn”) was characterized as 4(((2-ammo-4- 
hydroxy-6-ptendyl)methyl)fonnamido) benzoic acid, a compound of pteroic 
and formic acids (306) It is inactive for hemopoiesis m sulfonamide-treated 
rats and pteroylglutamic acid-deficient chicks (128) Pteroic acid is similarly 
mactive for the chick (1) There appears to be a small difference m the rela- 
tive potencies of the SLR factor and pteroic acid for S fecalis R and L cam 
The activities of the “SLR factor” when directly compared with pteroylglu- 
tamic acid have not been reported and the only evidence available is based on 
recalculation of the data obtamed with “folic acid” with a potency of 40,000 
obtamed from spmach Usmg this data, the “S L R factor” is 125 per cent 
as active as pteroylglutamic acid for S fecalts R and only 0 001 per cent as active 
for L casei Pteroic acid is 60 to 100 per cent as active as pteroylglutamic acid 
for S fecalts R dependmg on the time of mcubation (127) and 0 01 per cent as 
active by L caset assay 

Pteroylglutamic acid tn the nutrition of rats On punfied diets which do no 
contam pteroylglutamic acid, the dietary need of the rat for this factor appear 
to be satisfied by the production of pteroylglutamic acid by the mtestmal bac 
tena The addition of any of several sulfonamides to the diet depresses th 
growth of the mtestmal bactena and results m the appearance of certam de 
ficiency syndromes, one of which is charactenzed by agranuloc 3 dosis, leukopenia 
anemia and slow growth Admmistration of pteroylglutamic acid or of its con 
lueates cures this syndrome Some difficulties of mterpretation were en 
countered until the fact was appreciated that certam conjugates are microbio 
logically mactive A relationship may exist between the utilization of panto 
theme acid and pteroylglutamic acid m rats on such diets Lactation leucopemt 
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due to pteroylglutamic acid deficiency has been observed in rats on purified 
diets 

It was found that rats would grow and reproduce on a purified diet (129) 
Shortly thereafter, it was shown that when sulfaguanidine was added to a similar 
diet, the growth of young rats was greatly reduced and could be restored by the 
addition of hver extract (130) A concentrate of “folic acid” was fed at the rate 
of 5 miUigrams dady to rats on a purified diet containmg 1 per cent of sulfasuxi- 
dme (131) Definite growth responses were observed when biotm was also fed 
Similar responses were obtamed vuth a more concentrated “fohc acid” prepara- 
tion In addition to promotmg growth (132), “fohc acid” concentrates were 
found to restore the color of the hau m black rats which had become grey on diets 
containmg sulfaguamdme The depressed growth under such conditions was 
found to he counteracted by feedmg yeast, yeast extract or rat feces (133) 
Specific signs were descnbed m rats on such diets (134), includmg agranulocytosis, 
leucopenia, anemia and hypocellulanty of the bone marrow The changes were 
prevented or reversed by a hver fraction which was precipitated from aqueous 
solution by addition of 80 per cent ethanol A crude nonte eluate containmg 
“fohc acid” was found to improve the leukocyte picture (49) These findmgs 
were confirmed mth a “fohc acid concentrate” (135) which was found to exert 
an effect similar to that of hver extract m promotmg growth and preventmg 
leucopenia m rats on diets containmg sulfasuxidme In another mvestigation 
(136) signs of pantothemc acid deficiency were observed m rats on purified diets 
with sulfasuxidme and the pantothemc acid content of the hver tissue of the rats 
was lowered, although the diet contamed 40 parts of pantothemc acid per miUion 
When biotm and a “fohc acid” concentrate were added to the diet, growth was 
improved and the pantothemc acid content of the hver was increased These 
additions were also reported to lower the prothrombm tune (137) The signs of 
pantothemc acid deficiency, mcludmg porphynn-caked whiskers, were found to be 
removed by supplementation ivith biotm and a “folic acid” concentrate (138), 
but not by additional amounts of pantothemc acid 

It was shown (50) that pteroylglutamic acid or pteroyltnglutamic acid, 20 
nucrograms per day for 4 days, were effective m markedly mcreasmg the granulo- 
cytes and the total white cell count, and m rehevmg the anemia occurrmg m rats 
on purified diets containmg sulfaguamdme or sulfasuxidme 

The anemia mduced by bleedmg was studied m rats which were fed a purified 
diet containmg sulfasuxidme (139) The administration of pteroyltnglutaimc 
acid was found to have a preventive and corrective effect on the anemia as 
judged by measurement of hemoglobm concentration, hematocnt readmgs and 
white coimts These observations may mdicate a need for further studies of 
the possible role of pteroylglutamic acid m the regeneration of hemoglobm fol- 
loivmg bleedmg 

Attention was drawn to the unexpectedly high activity of milk m preventing 

‘fohc acid” deficiency m rats on a purified diet contammg sulfasuxidme (140) 
The "fohc acid” content of the mdk was found to be quite low as detennmed by 
fissay with L casei and S fecalts R When the milk was treated with “con- 
jugase” the “fohc acid” content was found to be mcreased more tfinn 20-fold 
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(141) which indicated that the preceding observation could be e-qilained on the 
basis of utilization of conjugated pteroylglutamic acid by the rat 

Storage of pteroylglutamic acid m the liver of rats was reduced by adding sul- 
fasuxidine to a purified diet and the fohc acid content of the hver was mcreased 
when a hver fraction was added to the diet (142) A senes of mvestigations 
(143, 144, 145, 146) emphasized the relationships between pteroylglutamic acid 
and other dietary mgredients It vas shown that granulocytopema due to 
pteroylglutanuc acid deficiency was obtamed m a small percentage of rats which 
were fed purified diets without sulfonanudes The dyscrasia was also produced 
by feedmg purified diets which were low m pantothenic acid, under these condi- 
tions anemia, leucopenia, granuloc3dopenia, and bone marrow hypQplasia were 
prevented by addmg pantothemc acid It was considered that the primary 
deficiency producmg granulocytopema under these experimental conditions was 
that of pteroylglutamic acid The administration of pantothemc acid appeared 
to prevent the development of pteroylglutamic acid deficiency Eibofiavin- 
deficient rats were found to become anenuc, granulocytopenic or both The 
granulocytopema was corrected by pteroylglutamic acid and the anenua, some- 
what less consistently, by nboflavm Severe granulocytopenia and anemia a ere 
produced m rats fed protein-free diets The condition was prevented by casein 
but not by pteroylglutamic acid or pteroyltnglutamic acid Casern did not 
correct the granulocytopema but when casein and pteroylglutamic acid v ere both 
added the granulocytopenia was cured 
Anemia, leucopenia, and hemorrhage and necrosis of the adrenals were ob- 
served in rats on a purified diet contaimng thiourea The leucopema and granu 
locytopema were not prevented by thyroid powder or thyroxm but were corrected 
by treatment inth pteroylglutamic acid Pteroyltnglutamic acid, 100 micro 
grams daily, was effective, but treatment for 4 days wotb 24 micrograms did not 
consistently correct the d}^rasia (147) These results may be contrasted with 
the reported meffectiveness of pteroylglutamic acid in preventing the onset of 
agranulocytosis m two patients receiving thiouracil (148) 

A descnption of the pathology of the bone marrow of rats as affected by 
pteroylglutamic acid deficiency was given (149) In the deficiency the marrow 
was hypocellular and showed general depletion especially of the myeloid senes, 
although the erythroid senes was usually also depleted even m the absence of 
anemia Administration of pteroylglutamic acid resulted in a charactenstic 
proliferation and regeneration and the marrow returned to normal after tem- 
porary over-compensation 

Hypochromic anemia was induced by proimn and promizole in jmung rats on 
a punfied diet The admmistration of pteroylglutamic acid, 18 micrograms 
daily, exerted an anti-anemic effect (160) 

It *was reported that concentrates of pteroylglutamic acid improved the 
performance of rats during lactation (151) “Lactation leucopenia” m rats on 
punfied diets was found to be partially prevented bv addition of brewers’ yeast 
or hver extract (152) and subsequently pterojlgUitamic acid was found to ha\c 
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a smular effect (153) although the effect was not as complete as that of a hver 
fraction 

Intestmal synthesis of “folic acid” m rats on purified diets, was studied by 
exammation of the cecal contents (154) Dextnn produced the largest amount 
of synthesis A marked decrease m synthesis was caused by addmg 2 per cent 
sulfathalidme to the diet Increases were produced by addmg niacm, lactose or 
milk powder to the basal diet, all these mcreases were prevented by adding 
sulfathahdme 

In experiments with rats a hver fraction was encountered which bad a marked 
effect m rehevmg pteroylglutamic acid deficiency m rats which received a pun- 
fied diet with sulfonamides Its effectiveness appeared to be m excess of its 
pteroylglutamic acid content as measured by microbiological assay, even after 
treatment with acid, alkah, or a “conjugase” preparation had been used to 
hberate pteroylglutamic acid (155) 

Isohtum of pteroylglutamic acid and related compounds Methods for the 
concentration of the “nonte eluate factor” (pteroylglutamic acid) were descnbed 
by the Wisconsm workers In their first report (8) this factor was found to be 
relatively stable to acid and alkah, it could be adsorbed on activated charcoal 
and Lloyd’s reagent, it was precipitated by phosphotungstic acid and by basic 
lead acetate and could be extracted from an acid solution by butanol A later 
pubhcation from the same laboratory (93) descnbed additional methods of 
purification by adsoiption on Superfiltrol The factor was also concentrated 
from hver by adsorption and elution with nonte and precipitation of the man- 
ganese salt with manganese chlonde and ethanol (103) 

The isolation of a highly active preparation of “fohc acid” from spinach 
was reported by the Texas group (9) and was later descnbed m more detail by 
the same group of workers (109, 156, 157) These workers employed repeated 
adsorption and elution from activated charcoal, precipitation with silver and lead, 
adsorption on Lloyd’s reagent, chromatographic adsorption on alumma and pre- 
cipitation of the free acid from cold acidic solutions Smce “fohc acid” from 
spmach has never been crystallized it is not possible to establish its identity 
With pteroylglutamic acid The activity of the material descnbed m the first 
pubhcation (9) had a “potency” of 40,000 as compared with a sample of a hver 
fraction B which was arbitrarily given a potency of 1 In a subsequent paper 
(166) a preparation with a “potency” of 137,000 was reported While the 
activity of this preparation has not been given, a report (115) stated that syn- 
thetic pteroylglutamic acid gave a “potency” of approximately 137,000 when 
compared with a sample of “fohc acid” of known potency obtamed from spmach 
Another commumcation (158) presented data showmg that pteroylglutamic acid 
would have a “potenc}^” of approximately 160,000 This data would mdicate 
that the final product which was obtamed from spmach and which had a potency 
of 137,000 was almost pure 

Two reports of the isolation of pure pteroylglutamic acid from hver have been 
made (10, 67) This compound was also isolated from a yeast concentrate which 
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had been enzymatically hydrolyzed (92) This yeast concentrate contained 
“Bo conjugate” which was active m preventmg anemia m chicks but which pos- 
sessed httle microbiological activity imtil after it had been hydrolyzed enzy- 
matically “Vitaimn Bo” isolated from a hydrolyzed yeast concentrate was 
identical with pterojdglutarmc acid obtamed from liver 

Two different methods have been descnbed for the isolation of pteroylglutanuc 
acid from liver One of these starts with whole hver m which the conjugates 
have been converted into free pteroylglutanuc acid by autolysis (67, 169) 
The isolation process mvolved essentially the foUomng steps extraction with 
boihng water, adsorption on and elution from Amberhte 4E., adsorption and elu- 
tion usmg activated charcoal, extraction of an aqueous solution of the free acid 
with butanol at pH 3 to 4, formation of a banum salt, extraction of banum salts 
with hot water, formation of a zmc salt and crystalhzation of the free acid from 
water The other method (10, 160) employed as the startmg material an 80 
per cent-alcohol-insoluble fraction of an aqueous extract of hver The fraction 
contamed approximately 20 rmcrograms of pteroylglutanuc acid per gram The 
pure substance was obtamed by the foUowmg steps adsorption and elution with 
nonte, adsorption and elution ivith Superfiltrol, formation of a banum salt with 
banum chlonde and metbanol, estenfication of the banum salt with O^N HCl 
methanol, extraction of the methyl ester from aqueous solution with butanol, 
chromatographic adsorption of the ester on Superfiltrol, and fractional precipita- 
tion of the ester from water and from methanol The free acid obtained by 
hydrolysis of the ester was crystallized from hot aqueous solutions 

Properties of pteroylglutamic acid Pteroylglutanuc acid crystalhzes as yellow 
spear shaped platelets Its solubihty (160) as the free acid is 10 micrograms per 
ml at 0°C and more than 600 rmcrograms at 100°C The sodium salt is much 
more soluble, havmg a solubility greater than 16 mgm per ml at 0°C Pteroyl- 
glutanuc acid has characteristic ultraviolet absorption spectra In 0 IN NaOH 
it exhibits maxima at 257, 282, and 365 mjt and correspondmg E (1%) 1 cm 
values of 585, 670, 206 Another report (161) descnbed the absorption spectrum 
at pH 11 This possessed maxima at the same pomts but with absorption co- 
efficients which were shghtly higher, 603, 600 and 213 at wavelengths of 256, 
282, 365 mu 

The isolation of pteroyltnglutamic acid (85, 162) was accomplished by a 
method different from that used for the compound obtamed from liver The 
startmg matenal was a cell-free filtrate obtamed from aerobic fermentation of a 
diphtheroid-type organism The method mvolved adsorption on charcoal, 
formation of a banum salt, esterification and extraction of the methyl ester from 
an aqueous solution with butanol and fractional precipitation of the ester from 
hot methanol The methyl ester was dissolved m hot methanol and precipitated 
by coohng In the presence of 0 05N sodium chlonde the ester precipitated m 
a flocculent form while m the absence of electrolytes a gel was formed After 
several such precipitations from methanol the ester was obtamed m a micro- 
ciystallme form The free acid was obtamed m the pure state by convertmg 
the ester to the banum salt, removmg extraneous pigments with Florosil and 
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precipitating the free acid at pH 2 8 The free acid could be crystalhzed from 
water containing electrolytes such as sodium or calcium chlonde In the ab- 
sence of electrol 5 tns gels were obtamed The pure ester was obtamed by es- 
terification of the free acid and crystalhzation of the ester from 0 05N sodium 
chlonde m methanol 

While pteroylglutamic acid and its ester can be precipitated from water and 
methanol respectively m the absence of electrolytes, pteroyltnglutamic acid 
and its ester require the presence of electrolytes for their precipitation The 
solubfiities of pteroyltnglutamic acid m the presence of CaCli at pH 2 8 are 3 0 
mgm per ml , at 80°C and 0 10 mgm per ml at 5°C 

A conjugate was isolated from yeast (70) and was later reported to contain 
seven glutamic acid residues (3) This compound was crystallized from 6 per 
cent sodium chlonde The use of electrol 3 tes m crystalhzation of this compound 
was s imila r to that reported for the tnglutamic acid denvative (162) The 
heptaglutamic acid conjugate possessed an activity for chicks which was pro- 
portional to its content of pteroylglutamic acid (70) Its microbiological ac- 
tivity was 0 3 to 0 6 per cent of that of pteroylglutamic acid by assay with 
L casei and 0 2 per cent by assay with S fecalts R (see table 2) The conjugate 
IB as active on a molal basis as pteroylglutamic acid m promotmg the growth of 
Tdrahymena geleit (108) 

Degradalton The relationship between pteroyltnglutamic acid and pteroyl- 
glutamic acid was shown by anaerobic alkahne hydrolysis (163) The tnglu- 
tamic acid denvative is active for L casei but only shghtly active for S fecalts 
R (table 2) It was foimd that while aerobic alkalme hydrolysis produced rapid 
biological inactivation for both organisms, anaerobic hydrolysis produced only 
a shght decrease m the activity for L casei and greatly mcreased the activity for 
S fecalts R The ratio of the activity for these two organisms approached that 
of pteroylglutamic acid isolated from hver Two mols of alpha-ammo acid 
mtrogen were hberated dunng anaerobic alkahne hydrolysis and the active 
compound which was formed was approximately half as active as pteroylglutamic 
acid by both L caset and S fecalts R assay This compoimd was later identified 
as racemic pteroylglutamic acid 

Aerobic alkahne hydrolysis (163) of pteroyltnglutamic acid or racemic pteroyl- 
glutamic acid resulted m the formation of a fluorescent pigment and a diazotiz- 
able aromatic amme which could be estimated by the method of Bratton and 
Marshall (164) In the absence of oxygen no diazotizable amme or fluorescent 
pigment were produced by alkalme hydrolysis The fluorescent pigment proved 
to be a dibasic acid havmg pKa values of 3 9 and 7 7 Elementary analysis 
suggested the empincal formula CrHtNsO* Decarboxylation of the fluorescent 
dibasic pigment at 300° resulted m the hberation of approximately 1 mol of 
COs and the formation of a fluorescent monobasic acid mth a pKa of 8 0 Oxida- 
tion of the onginal dibasic acid with chlorme water, followed by hydrolysis with 
0 IN HCl at 140°C yielded a compound which gave a positive test for guamdme 
The formation of guamdme under such conditions constitutes evidence for a 
pymmdme rmg with an ammo group m the 2-position (165) The fluorescent 
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had been enzymatically hydrolyzed (92) This yeast concentrate contained 
“Bo conjugate” which was active m preventmg anemia m chicks but which pos- 
sessed httle microbiological activity until after it had been hydrolyzed enzy- 
matically “Vitamm Bo” isolated from a hydrolyzed yeast concentrate was 
identical with pteroylglutamic acid obtamed from hver 

Two different methods have been descnbed for the isolation of pteroylglutamic 
acid from liver One of these starts with whole hver m which the conjugates 
have been converted into free pteroylglutamic acid by autolysis (67, 169) 
The isolation process mvolved essentially the foUowmg steps extraction with 
boding water, adsorption on and elution from Amberlite 4R, adsorption and elu- 
tion usmg activated charcoal, extraction of an aqueous solution of the free acid 
with butanol at pH 3 to 4, formation of a banum salt, extraction of barium salts 
with hot water, formation of a zmc salt and crystalhzation of the free acid from 
water The other method (10, 160) employed as the startmg matenal an 80 
per cent-alcohol-msoluble fraction of an aqueous extract of hver The fraction 
contamed approximately 20 micrograms of pteroylglutamic acid per gram The 
pure substance was obtamed by the followmg steps adsorption and elution with 
nonte, adsorption and elution with Superfiltrol, formation of a banum salt with 
banum chlonde and methanol, estenfication of the banum salt with O^N HCl 
methanol, extraction of the methyl ester from aqueous solution with butanol, 
chromatographic adsorption of the ester on Superfiltrol, and fractional precipita- 
tion of the ester from water and from methanol The free acid obtamed by 
hydrolysis of the ester was crystallized from hot aqueous solutions 

Properties of pteroylglutamic acid Pteroylglutamic acid crystallizes as yellow 
spear shaped platelets Its solubility (160) as the free acid is 10 micrograms per 
ml at 0®C and more than 500 micrograms at 100°C The sodium salt is much 
more soluble, havmg a solubihty greater than 16 mgm per ml at 0°C Pteroyl- 
glutanuc acid has characteristic ultraviolet absorption spectra In 0 IN NaOH 
it exhibits maxima at 257, 282, and 365 my and conespondmg E (1%) 1 cm 
values of 585, 670, 206 Another report (161) descnbed the absorption spectrum 
at pH 11 This possessed maxima at the same pomts but with absoiption co- 
efficients which were slightly higher, 603, 600 and 213 at wavelengths of 256, 
282, 365 mft 

The isolation of pteroyltnglutamic acid (85, 162) was accomplished by a 
method different from that used for the compound obtamed from liver The 
startmg matenal was a cell-free filtrate obtamed from aerobic fermentation of a 
diphtheroid-type organism The method mvolved adsorption on charcoal, 
formation of a banum salt, esterification and extraction of the methyl ester from 
an aqueous solution with butanol and fractional precipitation of the ester from 
hot methanol The methyl ester was dissolved m hot methanol and precipitated 
by coobng In the presence of 0 05N sodium chlonde the ester precipitated m 
a flocculent form while m the absence of electrolytes a gel was fonned After 
several such precipitations from methanol the ester was obtamed in a micro- 
crvstallme form The free acid was obtamed m the pure state by convertmg 
the ester to the banum salt, removmg extraneous pigments vath Florosil and 
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dibasic acid showed charactenstic absorption spectra in 0 IN NaOH mth 
maxima at 253 and 365 m^ The empmcal formula CiHsNsOt, the titration 
data, and formation of guamdme suggested a 2-ammo punne or a 2-ammo 
ptendme The absorption spectra, however, elumnated the possibihty of a 
punne because purmes do not have absorption maxima above 300 m/i Thus the 
available evidence pomted toward a 2-ammo ptendme with an enohc and a 
carboxy group With this evidence available, attempts were made to synthesize 
ptendme havmg these functional groups The compound was identified as 
2-ammo-4-hydroxyptendme-6-carboxybc acid by comparison with the synthetic 
compound 

The monobasic fluorescent pigment produced by decarboxylation was identi- 
fied as 2-ammo-4-hydroxyptendme 

The structure of these two ptendmes was established by the followmg senes 
of reactions (166) Diethylmesoxalate was condensed with 2,4,5-tnanuno-6- 
hydroxypynmidme to yield isoxanthopterm carboxyhc acid (II) (167) The 
structure of isoxanthopterm carboxylic acid (II) is that shown by formula 11 
although it had not previously been definitely established whether the carboxyl 
group occupied the 6- or 7-poaition On chlorination of isoxanthopterm car- 
boxylic acid and subsequent reduction with hydrogen iodide one of the hydroxyl 
groups was removed to give compound TV which was identical with the dibasic 
fluorescent pigment (166) Presumably either the 4 or the 7 hydroxyl could have 
been removed by this procedure The presence of the 4 hydroxyl m compound 
rV was shown m two ways First decarboxylation of 2-ammo-4-hydroxypten- 
dme-6-carboxyhc acid (IV) gave 2-ammo-4-hydroxyptendme (V), the struc- 
ture of which was established by its synthesis from glyoxal and 2,4,5-tnammo- 
6-hydroxypyTimidme (I) Its formation by this method demands a hydroxyl 
group m the 4 position Second, the synthesis of 2-animo-4-hydroxyptendine- 
6-carboxylic acid was accomplished by condensation of 2,4,5-tnainmo 6- 
hydroxypynmidme (I) and ethyl-/?, jS-diethoxy-or-bromo propionate This 
reaction also establishes the presence of a hydroxyl group m the 4 position of the 
ptendme 

The final proof estabhshmg the 6 position of the carboxyl group m compound 
rV was obtamed by degradmg 2-ammo-4-hydroxy-6-methyl ptendme (VI) to 
give a compound identical with 2-amino-5-methyl-pyrazme (VTI) The corres- 
ponding 7-metbyl ptendme would have yielded 2-ammo-6-methyl-pyrazme 
instead The structure of 2-animo-4-hydroxy-6-methyl ptendme (VI) was es- 
tablished by oxidation with alkahne permanganate to give the correspondmg 
2-aimno-4-hydroxyptendme-6-carboxyhc acid (RO These reactions are out- 
hned m Fig 2 

By hydrolysis with 0 5N sulfurous acid at room temperature pteroyltnglutamic 
acid was rapidly mactivated and gave an aromatic amme and a fluorescent pig- 
ment (168) This pigment reacted rapidly with typical aldehyde reagents such 
as hydroxylamme, phenylhydrazme and semicarbazide, mdicatmg the presence 
of an aldehyde group This fluorescent pigment did not possess a carboxyl group 
as endenced by the fact that its distnbution coefficient beta een water and buta- 
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The foregoing evidence indicated the following conclusions regarding the 
structure of pteroylglutamic acid 

1 Aerobic alkaline hydrolysis, sulfurous acid cleavage, and chemical or cata- 
lytic reduction each yielded a ptendme and a primary aromatic amine This 
mdicated the linkage of the ptendme to the nitrogen of the aromatic amme 

2 The aromatic amme formed durmg sulfurous acid cleaiage of ptero 3 dtn- 
glutanuc acid was a tetrapeptide, p-ammobenzoyldiglutam 3 dglutamic acid 
The aromatic amme from pteroylglutanuc acid was p-ammobenzo 3 lglutamic 
acid 

3 There was a smgle carbon atom linkage between the ptendme and the aro- 
matic amme This was mdicated by the fact that only ptendmes with a smgle 
carbon atom side cham were obtamed and that no other two-carbon fragments 
could be detected m the two degradation reaction products The evidence also 
mdicated that this smgle carbon atom is present m a meth 3 dene link If it were 
present as a CO group m an amide linkage the cleavage would be h 3 "drolytic 
and would not require ovygen The formation of 2-ammo-4-hydrovy-6-methyl- 
ptendme also constituted evidence for the methylene linkage 

Synthesis The final proof of the structure was obtamed by synthesis of 
pteroylglutamic acid by different methods One of these (101) mvolved the 
simultaneous condensation of 2-4-5-tnammo-6-hydro\'ypyTimidme (I), p-ammo- 
bensoylglutamic acid (IX) and a,d-dibromopropionaldehyde m aqueous solution 
The other (169) mvolved the reaction of a:,(9-dibromopropionaldeh3Tie with pyn- 
dme, 2,4,5-tnammo-6-hydrovypynmidme (I) and potassium iodide to yield 
N[(2-ammo-4-h3drovy-6-ptend3d)methyl] pyndmmm iodide (X) This was 
then treated with p-ammobenzoylglutamic acid (IX) m ethylene glycol to yield 
pteroylglutamic acid The position of the methyl pyndmium group on the 6 
position of the ptendme was established by oxidation with alkahne permanga- 
nate to yield 2-ammo-4-hyxirox3'ptendme-6-carbox3hc acid (IV) These two 
methods of synthesis ate schematically outbned m Fig 3 
Pteroic acid was obtamed by the correspondmg reaction (101) except that 
p-ammobenzoic acid was used mstead of p-ammobenzoylglutamic acid 
Pteroylglutamic acid tn the nutntum of mice Indications that fohc acid was 
required by mice on a purified diet containmg sulfasuxidme were reported (170) 
The “lactation performance” of mice on purified diets as measured by the per- 
centage and size of fitters weaned was mcreased by addmg a concentrate contam- 
mg pteroylglutamic acid (171, 172) 

Dogs Observations with dogs (173) and pigs (174) mdicated that an imiden- 
tified B complex factor or factors present m fiver and yeast, were needed as a 
supplement with purified diets It seems probable that the fiver and 3 ’'east ex- 
tracts used m these mvestigatioiis supplied pteroylglutamic acid Pteroylglu- 
tamic acid was reported to improve the response to niacm m dogs on purified 
diets deficient m niacm (176) 

Guinea pigs A senes of studies with gumea pigs on purified diets mdicated 
that three imidentified dietary factors were required, two of which were found 
present m finseed oil meal It was later shown that pteroylglutamic acid could 
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nol was the same at pH 3 0 as at pH 7 0 When the pigment ohtamed hy suI- 
furous acid hydrolysis ^vas treated anaerobically ivith dilute sodium hydroxide, 
approximately equal amounts of 2-aimno-4-hydroxyptendme-6 carboxj'hc acid 
(IV) and a second ptendme, identified as 2-aimno-4'hydroxy-6-methyl- 
ptendme (VI), were formed The latter compound could be oxidized ivith alka- 
hne potassium permanganate to jneld 2-armno-4-hydroxyptendme-6-carboxyhc 
acid (IV) The formation of approximately equal molal quantities of carboxy- 
and methyl-denvatives from what is apparently an aldehyde probably mvolves 
a Cannizzaro type reaction although the mechamsm of this reaction is obscure 
Prolonged aqueous hydrolysis of pteroyltnglutamic acid at pH 4 produced 
biological inactivation and yielded a compound which was crystallized and iden- 
tified as 1-pyrollidonecarboxyhc acid (168) On hydrolysis with alkali this 
yielded 1 (-f-)-glutamic acid which was estimated microbiologically 

The aromatic amme which was produced dunng sulfurous acid hydrolysis 
was isolated as the banum salt (168) This compound when diazotized and 
coupled with N(l-naphthyl)ethylenediaimne dihydrochlonde yielded a red 
pigment (164) which mdicated a primaiy aromatic amme iwth a highly negative 
substituent group The aromatic amme nitrogen as measured by the method 
of Bratton and Marshall (164) constituted approximately 25 per cent of the total 
mtrogen The remammg 75 per cent of the mtrogen could be converted mto 
alpha-ammo-acid nitrogen by aJkalme hydrolysis From such hydrolysates 
the aromatic amine was isolated and identified as p-ammobenzoic acid Micro- 
biological assay of the hydrolj^te mdicated the presence of 3 mols of glutamic 
acid The peptide linkage of the glutamic acid to p-ammobenzoic acid must 
mvolve the carboxyl group of the latter as a primary aromatic amme is required 
for reaction m the Bratton and Marshall test (164) 

The diazotizable aromatic amme obtamed by aerobic alkalme hydrolysis of 
racemic pteroylglutamic acid was found to contam 2 1 atoms of nitrogen for 
each atom of aromatic ammo mtrogen (163) The distribution coefficient of 
this aromatic amme was greatly different from that of p-ammobenzoic acid 
After hydrolysis with 2N sulfuric acid, 46 per cent of the total nitrogen appeared 
as alpha-ammo-acid mtrogen, and the distnbution coefficient of the aromatic 
amme became the same as that for p-ammobenzoic acid The latter compound 
was isolated from the hydrolysate 

Evidence regarding the mode of linkage is furnished by the results of alkalme 
hydrolj^sis (163) The absence of fluorescence and of the free aromatic amme 
m the ongmal pteroylglutamic acid, and the simultaneous appearance of these 
two dunng aerobic alkalme hydrolysis suggested that the ptendme is Imked 
to the aromatic amme mtrogen As hydrolysis proceeded the liberation of 
ptendme and aromatic amme appeared at approximately the same rate 

Reduction m acid solution either catalytically or with zmc dust yielded the 
aromatic amme and a reduced ptendme (168) After reoxidation with manga- 
nese dioxude the ptendme obtamed by zmc reduction was identified as 2-ammo-4- 
hydroxy-6-methylptendme, the structure of which has already been estab- 
lished 
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replace one of the factors (176) The deficiency was descnbed as being charac- 
tenzed by a rapid decline in weight, lethargy, sahvation, terminal convulsions 
and death The daily administration of 6 5 micrograms of either pteroylglutamic 
acid or pteroyltnglutamic acid prevented the deficiency 
NuirUum of insects Larvae of the mosqmto Aedes aegypht were found to 
need concentrates of pteroylglutanuc acid for pupation, xanthoptenn or thymme 
were meffective Pteroylglutanuc acid was also found to promote growth and 
to mcrease survival rate (177) It was found that the larvae of the flour moth 
and the meal worm needed pteroylglutanuc acid for growth (178) Growth of 
the larvae of a carpet beetle was mcreased by concentrates of pteroylglutamic 
acid (179) 

Minh The effects of pteroylglutamic acid deficiency m mink were found to 
mclude loss of body weight, diarrhea, imtabflity, general weakness, anorexia 
and leukopenia The deficiency responded to administration of pteroylglutanuc 
acid There was some mdication that an umdentified factor m hver was also 
needed (180) 

Pigs It was suggested that pteroylglutanuc acid deficiency m pigs nught be 
associated with the development of normocytic anemia, although no actual 
test with pteroylglutamic acid was earned out (181) The pigs from sows fed 
a supplementaiy "fohc acid concentrate” were thriftier and more vigorous than 
were pigs from sows fed the basal diet of com and soy bean meal supplemented 
with vitamins, not mcludmg pteroyl^utamic acid, and mmerals (182) It 
was reported that pteroylglutanuc acid “may have helped shghtly with hemo- 
globm formation" m pigs on a purified diet (183) Other observations (174) 
were mentioned above 

The emymtc liberation of pteroylglutamic acid from its “conjugated” forms 
The effect of enzynuc action m liberatmg fohc acid from tissues was mdicated by 
an observation that the apparent “fohc acid” content of such materials could 
be mcreased several-fold by treatment with a cmde ensyme-contammg prepara- 
tion (“taka-diastase”) (184) It was found possible to prepare a dialyzable 
fraction from yeast which was active for the “vitamm Bo” deficient chick but 
which had relatively httle potency m stimulatmg the growth of L caset (92) 
until the concentrate was subjected to an undescnbed “enzymatic digestion” 
which hberated '‘vitamm Bo” m a microbiologically active form 
Almost at the same tune, it was noted that yeast was “nch m the substances 
which give rise to fohc acid when mcubated with fresh liver” (30) A crude 
enzymically-active preparation was made from rat hver (36) by extraction with 
phosphate buffer, fractional precipitation with ammonium sulfate, and dialysis 
The preparation liberated the S laclis R-stimulatmg factor at pH 7 from cell- 
free water-soluble fractions These fractions had previously been extracted 
from natural materials with the aid of “taka-diastase” which thus had brought 
pteroylglutanuc acid conjugates mto solution without sphttmg them Hence 
taka-diastase did not supply appreciable quantities of the “fohc-acid-hberatmg” 
enzyme system This observation mdicated a degree of specificity on the part 
of the enzsnne concentrate prepared from rat hver The name “vitamm Bo 
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Pig 3 Two syntheaea of ptoroylglutamio acid. 
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was found under certam cu'cunistances to inhibit “vitainin Bo coigugase” 
preparations obtained from chicken pancreas and rat hver (Totter, J R Cited 
m (192)) 

Chmcal effects of pleroylglutarmc acid It is beyond the scope of this review 
to discuss the extensive hterature of recent years regarding the eiythrocyte 
maturation factor present in liver and the extnnsic and mtnnsic factors which 
have been postulated to be concerned in its formation Mention must be made, 
however, of the bafflmg crrcumstances that simultaneously relate and contrast 
pteroylglutamic acid and the erythrocyte maturation factor Both are present 
m hver, and both wiU produce hematologic remission of addisoman pernicious 
anemia However, the processes commercially used m the refinement of con- 
centratedsolutionsof theerythroc 3 iematurationfactordonot result mtheconcen- 
tration of pteroylglutamic acid, m fact the ongmal pteroylglutamic acid content 
of crude hver extracts is largely diverted mto side fractions durmg the process 
Experimental animals, even when they are acutely deficient m pteroylglutamic 
acid, do not respond to preparations of the erythrocyte maturation factor In 
the treatment of permcious anemia, the erythrocyte maturation factor is far 
more effective when mjected than when fed to pernicious ane m ia patients, while 
pteroylglutamic acid is approximately equally effective by either route of ad- 
ministration Differentiation of pteroylglutamic acid from the “extrinsic factor” 
appears to be established by the activity of pteroylglutamic acid when fed or m- 
]ected m producmg hemopoietic remission of pernicious anemia without the 
addition of normal human gastnc jmce 

The results of various chmcal experiments, most of which did not permit of 
defimte condusions and which were made with crude materials or natural 
concentrates, were published pnor to the availabihty of pteroylglutamic acid 
The mvestigations of Wills were mentioned on p 64, these findmgs served to 
differentiate the erythroc 5 de maturation factor from an umdentified factor m 
yeast and hver which was effective agamst tropical macrocytic anemia and 
against a correspondmg anemia m monkeys Recently this question was re- 
opened (193) m an article which drew attention to precedmg observations 
(194, 195, 196, 197, 198, 199, 200) that certam macrocytic anemias usually asso- 
ciated with pregnancy and encountered both m the tropics and the temperate 
zone did not respond to the rejection of hver extracts which were effective against 
permcious anemia but these anemias responded to the oral administration of 
hver or autolyzed yeast Three cases with histones of “stnkmg dietary made- 
quacy” were found to respond to oral hver extract after no response had occurred 
to smaller volumes of rejected hver extract 

Pive patients with permcious anemia were found to respond to comparatively 
lai^ doses of brewers’ yeast 1 to 2 grams per kflo of body weight daily without 
the addition of gastnc jmce (201) One may speculate that this response was 
probably due to pteroylglutamic acid 

A concentrate of “vitamin Bo” from yeast, standardized by chick assay, was 
fed to ten patients with refractory macrocytic anemias A dosage rate corre- 
spondmg to 0 6 mgm of pteroylglutamic acid dafly was used for the first week. 
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conjugase” was appbed to the enzyme system (185) Hog kidney, liver, small 
intestme and beef hver were reported to be rich sources, it also occurred m sweet 
almonds The optimum pH of the hog kidney preparation was 4 6, while that 
for almond was 7 0 Hog kidney was used as a source of the enzyme m a method 
for the assay of “vitamm B,, conjugate” (186) Samples were mcubated for 16 
hours at pH 4 6 and 45° The values obtamed after enzymatic treatment m 
many cases showed close agreement with the values obtamed by biological assay 
with chicks on a purified diet (68) An exception was observed m the case of 
certam liver extracts and plant extracts The presence of inhibitors m the plant 
extracts was suggested, or, as an alternative, the presence of compounds which 
were active for the chick but inactive for L caser even after treatment with 
the enzyme 

Chicken pancreas (187) ivas found to be an excellent source An mcrease m 
potency of more than one-thousand fold wasreportedto occur upon concentratmg 
the enzyme from chicken pancreas extract by adsorption and precipitation tech- 
mques The optimum pH for the action of the enzyme was between 7 and 8, 
a considerable loss of activity was observed on dialysis Further studies (168) 
described modifications m the procedure for concentratmg the enzyme The 
pancreatic tissue was ground and allowed to autolyze at pH 8 A fraction was 
then separated which precipitated at between 40 and 80 per cent saturation of 
ammomum sulfate The precipitate was dialyzed, redissolved, reprecipitated 
with cold alcohol, redissolved m buffer and reprecipitated with ammomum sul- 
fate The procedure resulted m an approximately 3000-fold concentration of 
activity The concentrated preparation was activated by calcium, the optimal 
concentration bemg 0 OIM Optimum pH and temperature were found to be 
7 8 and 32° 

The Michaelis constant for conjugase preparations from rat liver, potatoes and 
chicken pancreas was measured (188) 

The production of "vitaiiun Bo activity” m several hundred different micro- 
organisms was measured by L caset assay Vanous commercial enzymic 
preparations were tested for their activity m hberatmg pteroylglutamic acid from 
its conjugates but none of the preparations were very effective Chicken pan- 
creas was used as a source of the enzyme (189) 

A study was made of the comparative potencies of vanous tissues m hberatmg 
pteroylglutamic acid from a concentrated preparation of pteroylheptaglutamic 
acid (vitamm Bo conjugate) (190) Chicken and turkey pancreas were the most 
potent tissues, their optimum activity was at a pH of about 7 0 while other tis- 
sues, mcludmg rat, mouse, hog and gumea pig pancreas, chicken and hog hver 
and hog kidney had their optimum at a pH of about 4 6 Hog kidney was used 
as a source of the “conjugase” enzyme 83 rBtem for further studies The optunum 
temperature for the action of the enzyme was found to be 46° to 48° The pres- 
ence of an inhibitor m yeast extract was demonstrated Loss of activity occurred 
dunng attempts to concentrate the conjugase, the addition of calcium failed 
to restore the loss A unit of activity for the enzyme w as proposed and defined 

The p-ammobenzoyl-polyglutamic-acid polypeptide isolated from yeast (191) 
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The administration of pterojdglutamic acid was contmued. for penods up to 30 
days and the red cell count and the per cent hemoglobm continued to rise after 
the treatment was discontmued 

In the other study (220) two patients with permcious anemia were studied 
The first patient with pernicious anemia was given 100 mgm of pteroylglutamic 
acid orally each day for 10 days Her mitral red blood cell level was approxi- 
mately 1^ miUion cells per cu mm On the third day of therapy she exptenenced 
a feehng of well-bemg and mcreased appetite and on the next day her reticulo- 
cytes began to nse and a peak value of 40 per cent was reached on the seventh 
day Her red blood cells began to mcrease m number on about the seventh day 
and the count rose rapidly until a level shghtl 3 '’ oi'er 3 million was reached The 
second patient responded m a similar manner 
The use of pteroylglutamic acid m a case of untreated, addisoman permcious 
anemia was described (221) The patient received 2 0 mg of ptero 3 dglutamic 
acid mtravenously daily for 20 consecutive da 3 's The red cell count before 
treatment was 1,490,000 per cu mm with 5 8 grams of hemoglobm Microscopic 
examination of the bone marrow showed a picture t 3 'pical of a deficiency of the 
maturation factor After treatment “daily bone marrow examinations demon- 
strated a gradual megaloblastic maturation with the marrow picture approach- 
mg normal on the tenth day of therapy ” The maximum reticuloc 5 de response 
(26 8 per cent) was obtamed on the fifteenth day of therapy, after a total cumula- 
tive dosage of 30 mgm to see if a secondary reticuloc 3 de nse could be mduced 
This was not observed On the fortieth day of therapy the red cells reached 
4,000,000 per cu mm and the hemoglobm 13 0 grams There had been a defimte 
correspondmg nse m total white cells and platelets The same pubhcation 
descnbed the effects of pteroylglutamic acid m three patients sensitive to In er 
extract In each instance, the local reaction to the mjection of liver extracts 
was extremely marked, and m no instance was there any reaction to pteroyl- 
^utamic acid greater than to normal salme 

In another report (222) hemopoietic responses to pteroylglutamic acid m 
5 cases of permcious anemia were descnbed after daily dosage with 20 mgm of 
pteroylglutamic acid mtravenously or 100 mgm by mouth Increases m ei 3 dh- 
roc 3 d:e counts and hemoglobm levels were observed, together with reticulocyte 
crises rangmg from 6 4 to 14 8 per cent Positive responses to pteroylglutamic 
acid m the treatment of 4 cases of permcious anemia were descnbed (223) 
Results similar to the precedmg were noted (23), and it was foimd that one pa- 
tient with permcious anemia had neurologc changes which unproved with 
pteroylglutamic acid therapy, although complete return to normal had not been 
obtamed at the tune of wntmg 

The responses of 6 patients with addisoman permcious anemia to pteroyl- 
glutamic acid were descnbed (224) Climcal improvement and hematologcal 
remission were noted m all cases In one case muscular weakness and loss of 
vibratoiy^ sense of both lower extremities were obsen'^ed, these findmgs were 
unchanged after 79 da 5 ^ of treatment with pteroylglutamic acid, 25 mgm to 
100 mgm daily 
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and it was increased to 1 5 mgm dady for the next 3 weeks With the exception 
of an increase m the hematocrit readmg, no significant changes were obtained 
m the blood picture (202) 

Negative results were obtamed m the treatment of 2 cases of pernicious anemia 
with pteroyltnglutamic acid 3 6 or 2 3 mgm daily by mouth for 10 days (203) 
This may be contrasted with the subsequent report of a smgle case which re- 
sponded to pteroyltnglutamic acid, 3 mgm daily, by mjection (204) 

As a result of the precedmg and other studies (16, 193, 205, 206, 207, 208, 
209, 210, 211, 212, 213, 214) it became evident by 1945 that there existed a 
nutntional macrocytic anemia often associated with pregnancy, which responded 
to the feedmg of crude liver extracts, yeast or yeast extracts, but which did not 
respond to the mjection of potent sources of the anti-permcious-Anemia factor 
of hver extracts The anemia was characterized m some cases (215) by a history 
of marked dietary inadequacy especially with respect to meat, the presence of 
gastnc hydrochlonc acid, the absence of neural manifestations, and the presence 
of a megaloblastic bone marrow Mamtenance therapy with hver was not 
required A similar condition was encountered which responded to the mjec- 
tion of concentrated liver extracts (193, 194, 216, 217, 218, 219), the differentia- 
tion of this from the precedmg type of anemia appeared to be possible only on 
the basis of response to such extracts The time was now npe for the appearance 
of a new therapeutic substance This substance proved to be pteroylglutamic 
acid 

In the summer of 1945, synthetic pteroylglutamic acid was made available m 
fairly large quantities for clmical experiments Results were soon obtamed and 
reported m the hterature, it was apparent that the use of adequate dosage sched- 
ules led to the estabhshment of positive responses to pteroylglutamic acid m 
the treatment of anemias which were accompamed by megaloblastic erythropoie- 
sis 

Addisonian pemicions anemia Descriptions of the response of this disease 
to pteroylglutamic acid first appeared m December, 1945 (22, 220) 

The effects of pteroylglutanuc acid on 14 cases of macroc 3 d;ic anemia m relapse 
were descnbed (22) Five of these cases were classified as addisoman pernicious 
anemia, five as nutritional macrocytic anemia, and two as mdetermmate The 
patients received pteroylglutamic acid, 20 mgm to 50 mgm injected or 100 
mgm by mouth daily One patient received 150 mgm by mouth A feeling 
of subjective improvement occurred between the third and fifth days and was 
accompanied by an mcrcase in appetite, which was in some cases associated with 
“remarkable weight gams”, m most patients The initial red blood cell count 
vaned from 1 64 miUion to 2 97 million cells per cu mm Except m the case 
of one patient who did not respond, the final red cell count at 18 to 55 days 
varied from 2 92 to 4 29 milhon cells per cu mm Oral admmistration produced 
gi-eater reticulocyte responses and more rapid regeneration of blood than did 
parenteral admmistration However, the oral dosage was usually 5 times as 
great as the parenteral Increases were also noted in per cent hemoglobin and 
n total white cell count Reticulocyte crises were observ'ed m from 3 to 1 0 dej-s 
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was administered and neurological improvement was reported to be observed m 
10 days 

In another study (232) the following data were obtamed regardmg the effect 
of pteroylglutamic acid on 14 cases of pernicious anemia 
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The effect of pteroylglutamic acid on pernicious anemia and combmed system 
disease was studied m a number of patients (233) Three patients with neuro- 
logical mvolvement received pteroylglutamic acid, 25 to 50 mgm by mouth or 
20 mgm mtramusculaily daffy The patients showed hematological responses 
but their neurological symptoms contmued to progress Admmistration of 
hver extract resulted m improvement m the signs of nervous system changes 
Other permciouB anemia patients m relapse received 0 5 umt of hver extract 
with 5 to 10 mgm of pteroylglutamic acid daffy and showed reticulocyte re- 
sponses which were greater than those anticipated as a result of previous expe- 
rience with hver alone 

Rapidly progressive neurological relapse was observed m a patient with per- 
mcious anemia who had been mamtamed on pteroylglutamic acid for 12 weeks 
The diet durmg this period was poor The patient subsequently improved 
dunng treatment with hver extract The patient was one of a group of 47 pa- 
tients with pernicious anemia who were mamtamed with pteroylglutamic acid 
for periods up to one year Only two others showed neurological relapse 
Both of these had a poor dietary history They showed mild s3Tnptoms which 
responded readily to hver extract (234) 

These prehminaiy studies mdicated that the erythroc5^ maturation factor, 
or some umdentified substance which accompames it m therapeutic amoimts m 
refined hver extract, is needed for the prevention of neurological signs and symp- 
toms m certam cases of combmed system disease and that pteroyl^utamic 
acid is not consistently effective m this regard It would be of mterest to study 
the effects of pteroylglutarmc acid upon the mcidence of combmed system disease 
when administered together with large amounts of the known B complex vita- 
mins 

Possible relation of pleroylglvlamic acid to the biochemical defect in pernicious 
nnemia A disturbance m the utffiaation of pteroyl^utamic acid appears to 
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Other reports (225, 226, 227) descnbed hematological responses to pteroyl- 
glutamic acid m permcious anemia patients 

Studies were reported (227) on the response of various macrocytic anemias 
Macrocytosis alone did not necessarily imply either megaloblastic ei^dhropoiesis 
m the marrow nor responsiveness to pteroylglutanuc acid It was considered 
justifiable to regard megaloblastic eiythropoiesis as the morphologic expression 
of pteroylglutanuc acid deficiency The authors studied 11 cases of macrycotio 
anemia treated with pteroylglutanuc acid Five of these were pernicious anemia 
cases which responded promptly The remammg six cases,^ all of which showed 
normoblastic marrow patterns, did not respond, these mcluded four cases of 
portal cirrhosis, one of acute infectious hepatitis (Weil’s disease) and one of 
subacute lymphatic leukemia 

Pteroylinglutamic acid A patient with permcious anenua m relapse was 
treated with pteroyltnglutamic acid, 3 mgm daily, by mtramuscular mjection 
for 11 days A submaximal hemopoietic response was observed, accompamed by 
subjective improvement (204) It may be presumed that a more marked re- 
sponse could have been obtamed with a higher dosage 

Thymine Observations of the growth-promotmg effects of this substance 
on L casei and S fecalis R (121, 103, 105) were followed by studies of its effect 
m permcious anemia Large amounts were necessary to produce an effect, 
the admmistration of 1 gram or less gave no response m pernicious anemia, sprue 
or nutritional macrocytic anemia (228) One case of pernicious anemia re* 
sponded to 6 grams daily by mouth for 14 days, three cases to doses up to 3 4 
grams daily for 11 days (229) and six cases to doses of 4 5 to 10 2 grams daily 
(230) The necessary amounts appeared to be m the neighborhood of 1000 
times as great as the adequate dosage of pteroylglutamic acid A similar ratio 
of effective dosage between thymme and pteroylglutamic acid was observed with 
the lactic acid bactena (see p 65) 

Combined system disease By the summer of 1946 it had been well established 
that pteroylglutamic acid would consistently produce a prompt and satisfactory 
hemopoietic response m addisoman permcious anemia A long penod of study 
was necessary to compare the effects of liver extract and pteroylglutamic acid 
m preventmg the onset of neurological signs and symptoms m pernicious anemia 

The results of a 12-month mvestigation of this pomt were reported (231) 
Twenty-six patients were studied, 21 of whom had pernicious anemia which had 
been controlled for from 2 to 17 years by mjections of liver extract Three 
had pernicious anemia m relapse and two had sprue which had been poorly 
controlled by hver extract Liver therapy was discontmued and the patients 
were treated with 70 to 105 mgm pteroylglutamic acid per week m divided doses 
given orally for 10 to 12 months Most of the patients noted an mcrease m appe- 
tite and weight In two instances there were moderate mcreases m the hemat- 
ological values after 5 to 8 months which increased until there was evidence of 
combmed system disease The dosage of pteroylglutamic acid was mcreased 
without signs of improvement, followmg which refined hver extract, 6 cc daily, 
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was administered and neurological improvement was reported to be observed m 
10 days 

In another study (232) the foUowmg data were obtamed regardmg the effect 
of pteroylglutanuc acid on 14 cases of pernicious anemia 
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The effect of pteroylglutanuc acid on permcious anemia and combmed system 
disease was studied m a number of patients (233) Three patients with neuro- 
logical mvolvement received pteroylglutamic acid, 25 to 50 mgm by mouth or 
20 mgm mtramuscularly daily The patients showed hematological responses 
but their neurological symptoms contmued to progress Administration of 
hver extract resulted m improvement m the signs of nervous sj'stem changes 
Other permcious anemia patients m relapse received 0 5 umt of hver extract 
with 5 to 10 mgm of pteroylglutanuc acid daily and showed reticulocyte re- 
sponses which were greater than those anticipated as a result of previous expe- 
nence with hver alone 

Eapidly progressive neurological relapse was observed m a patient with per- 
mcious anemia who had been mamtamed on pteroylglutamic acid for 12 weeks 
The diet durmg this penod was poor The patient subsequently improved 
dunng treatment with hver extract The patient was one of a group of 47 pa- 
tients with pernicious anemia who were main tained with pteroylglutanuc acid 
for penods up to one year Only two others showed neurological relapse 
Both of these had a poor dietary history They showed mild symptoms which 
responded readily to hver extract (234) 

These prehmmary studies mdicated that the erythrocyte maturation factor, 
or some umdentified substance which accompanies it m therapeutic amounts m 
refined hver extract, is needed for the prevention of neurological signs and symp- 
toms m certam cases of combmed system disease and that pteroylglutamic 
acid IS not consistently effective m this regard. It would be of mterest to study 
the effects of pteroylglutanuc acid upon the mcidence of combmed system disease 
when administered together with large amounts of the known B complex vita- 
mins 

Possible relation of pteroylglutamic acid to the biochemical defect in pernicious 
anemia A disturbance m the utilization of pteroylglutanuc acid appears to 
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Other reports (225, 226, 227) described hematological responses to pteroyl- 
glutamic acid m pernicious anemia patients 

Studies ivere reported (227) on the response of various macrocytic anemias 
Macrocytosis alone did not necessarily imply either megaloblastic erythropoiesis 
m the marrow nor responsiveness to pteroylglutamic acid It was considered 
justifiable to regard megaloblastic erythropoiesis as the morphologic expression 
of pteroylglutamic acid deficiency The authors studied 11 cases of macrycotic 
anemia treated with pteroylglutamic acid Five of these were pernicious anemia 
cases which responded promptly The remammg six cases,' all of which showed 
normoblastic marrow patterns, did not respond, these mcluded four cases of 
portal cirrhosis, one of acute infectious hepatitis (Weil’s disease) and one of 
subacute lymphatic leukemia 

Pleroylinglutamic acid A patient with pernicious anemia m relapse was 
treated with pteroyltnglutamic acid, 3 mgm daily, by mtramuscular mjection 
for 1 1 day^s A submaximal hemopoietic response was observed, accompanied by 
subjective improvement (204) It may be presumed that a more marked re- 
sponse could have been obtamed with a higher dosage 

Thymine Observations of the growth-promotmg effects of this substance 
on L casei and S fecalts R (121, 103, 105) were followed by studies of its effect 
m pernicious anemia Large amounts were necessary to produce an effect, 
the admmistration of 1 gram or less gave no response m pernicious anemia, sprue 
or nutntional macrocytic anemia (228) One case of penucious anemia re* 
sponded to 6 grams daily by mouth for 14 days, three cases to doses up to 3 4 
grams daily for 11 days (229) and six cases to doses of 4 6 to 10 2 grams daily 
(230) The necessary amounts appeared to be m the neighborhood of 1000 
times as great as the adequate dosage of pteroylglutamic acid A similar ratio 
of effective dosage between thymme and pteroylglutamic acid was observed with 
the lactic acid bactena (see p 65) 

Combined system disease By the summer of 1946 it bad been well established 
that pteroylglutamic acid would consistently produce a prompt and satisfactory 
hemopoietic response m addisoman pernicious anemia A long period of study 
was necessary to compare the effects of liver extract and pteroylglutamic acid 
m preventmg the onset of neurological signs and symptoms m penucious anemia 

The results of a 12-month investigation of this point were reported (231) 
Twenty-six patients were studied, 21 of whom had pernicious anemia which had 
been controlled for from 2 to 17 years by mjections of liver ex-tract Three 
had pernicious anemia m relapse and two had sprue which had been poorly 
controlled by bver extract Liver therapy was discontmued and the patients 
were treated with 70 to 105 mgm pteroylglutamic acid per week m divided doses 
given orally for 10 to 12 months Most of the patients noted an mcrease m appe- 
tite and weight In two instances there were moderate mcreases m the hemat- 
ological values after 5 to 8 months which increased until there was evidence of 
combmed system disease The dosage of pteroylglutamic acid was mcreased 
without signs of improvement, followmg which refined liver ex-tract, 5 cc daily. 
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cytic anemia followmg gastrectomy, and six healthy subjects, -mthout effect 
on the anemias, all of ivhich subsequently responded to pteroylglutamic acid 
No pteroylheptaglutanuc acid was found present m the urme m any of the ex- 
periments The patients excreted variable amoimts of pteroylglutamic acid 
foUowmg its administration vhile the amounts excreted by the normal subjects 
were “considerably higher and more constant” After the administration of 
pteroylheptaglutamic acid the patients with one exception showed no significant 
increase m excretion of pterojdglutainic acid, hut when pteroylheptaglutamic 
was administered to the patients m remission mduced by hver axtract, an excre- 
tion of pteroylglutamic acid m amounts sundar to those observed with healthy 
subjects was found This suggested that “the pnnciple of hi er active m perni- 
cious anemia may be concerned mth the conversion of the conjugated vitanun 
to the free form” 

More detailed findmgs were subsequent!}’- reported (239) and the earlier pos- 
tulations regardmg the function of the erythrocyte maturation factor were modi- 
fied m the hght of these results Emphasis -was laid upon the role of “conjugase 
inhibitors”, as present m certam yeast concentrates, m modifymg the utilization 
of “hexaglutamyl conjugate” (pteroylheptaglutamic acid) by pernicious anemia 
patients The urmaiy excretion of pteroylglutamic acid after the administration 
of conjugate with “large amounts of inhibitor” -was much less m pernicious ane- 
mia patients than m normal subjects Two patients, one m relapse and one m 
partial remission, were treated -with conjugate 'plus hver extract -without mark- 
edly mcreasmg the urmaiy pteroylglutamic acid excretion o\ er the levels obsen ed 
when the conjugate -was given alone In contrast, three patients m remission 
who received the conjugate excreted pteroylglutamic acid m amounts approxi- 
mate!} equal to those observed m normal subjects It -was concluded that the 
diminished abihty of pernicious anemia patients to utflize the conjugate -was not 
absolute, -varied m different patients, and was partly dependent upon a conjugase 
inhibitor present m natural matenals The effect of the inhibitor was studied 
m normal persons (240), and its administration was found markedly to reduce 
the urinary excretion of pteroylglutamic acid foUowmg the feedmg of conjugate, 
4 mgm daily Attention -was dra-wn to the high inhibitor content of hver, yeast 
and spmach The conjugate was not found present m the urme m any of the 
experiments 

Others have also pomted out that certam pernicious anemia patients are 
able to utdize concentrates of the conjugates (192) It is difficult m the present 
state of knowledge to generalize regardmg the biochemical defects m pernicious 
anemia It appears to be e-vident that there is an abnormahty m the utilization 
of pteroylglutamic acid The -vanabibty m the findmgs ma} be due to vena- 
tions m the extent and type of the biochemical lesions m the patients 

Another basis for possible speculation hes m some obserrations of the ex- 
cretion of xanthoptenn (47) It -was reported that the normal daily excretion 
of xanthoptenn m the urme was mcreased by appro-omately 50 per cent m 
untreated penucious anemia The excretion dropped to normal m 11 of 13 
patients after remission had been brought about by hver extract If pteroyl- 
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occur in pernicious anemia This is evidenced by the following considerations 
a In contrast to certam other anemias, pernicious anemia has never been 
associated with an obviously mcomplete diet 
b Dosage with pteroylglutamic acid, usually m amounts which are greater 
than those occumng m ordmary diets, wdl produce a hemopoietic response m 
pernicious anemia 

c Certam cases of permcious {inemia do not respond to crude concentrates 
of pteroylheptaglutamic acid This findmg is discussed below 
Prehmmary pubhcations speculated upon the possibility that a basic defect 
m pernicious anemia is a failure to bberate pteroylglutamic acid from its con- 
jugates (235, 236) It was observed (236) that when pteroylheptaglutamic acid 
(vitanun Bo conjugate) was administered to normal individuals there was in- 
creased unnary e^cretlon of pteroylglutanuc acid However, no such mcrease 
was observed when pteroylheptaglutamic acid was administered to pernicious 
anemia patients (235, 236) It was therefore portulated that m these patients a 
pteroylglutamic acid deficiency resulted from the imperfect utilization of conju- 
gated forms of pteroylglutamic acid and that as a result the supply of pteroylglu 
tamic acid was msufficient for the mamtenance of the hemopoietic mechanism 
Three patients with permcious anemia and one with macrocjitic anemia following 
gastrectomy showed no evidence of a therapeutic effect from the administration 
of pteroylheptaglutamic acid, eqmvalent to 2 3 to 4 mgm of pteroylglutamic 
acid daily for 8 to 12 days When equivalent amounts of pteroylglutamic acid 
were substituted for the conjugate all of the patients showed significant clinical 
and hematologic responses (235) It was reported (236) that the daily adminis- 
tration of 1 mgm of “yeast conjugate”, presumably pteroylheptaglutamic acid, 
for 10 days to a patient with permcious anemia m relapse produced no response 
Dunng a second penod of 11 days, 100 cc of normal human gastric juice was 
administered with the yeast conjugate, agam without response The patient 
then responded submaxunally to a daily dose of 0 35 mgm of pteroylglutamic 
acid A second patient received mtramuscular mjections of 2 5 mgm of yeast 
conjugate daily for 12 days, followed by a smgle mjection of 30 mgm of con- 
jugate, without respondmg After a further 12 days, admmistration of pteroyl- 
glutamic acid causes a theoretically maximal reticulocjde response In two 
patients with pernicious anemia, injection of concentrated liver extract contammg 
insignificant amounts of pteroylglutamic acid doubled the urmary excretion of 
pteroylglutamic acid This observation fitted the interpretation that a constit- 
uent of liver extract might be concerned mth the activation of a “conjugase 
system”, or with the removal of an inhibitor of such a system (237) but it should 
be noted that the unnary excretion of pteroylglutamic acid on a normal diet is 
extremely small both m normal subjects and in pernicious anemia patients, so 
that doublmg the urmary excretion of pteroylglutamic acid is quantitative!} 
only a small mcrease 

In another report (238) earlier findings (235) were extended The hepta- 
glutamate was given orally m the form of a concentrate to rune cases of pernicious 
anemia m relapse, three m remission mduced by liver extract, two with macro- 
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mthm 6 Meeks following the institution of treatment with pteroylglutamic acid 
Reticuloc 3 de crises were noted m 6 to 8 days together with mcreases m the num- 
ber of platelets, the number of white blood cells, the number of red blood cells 
and the percentage of hemoglobm Exammation of aspirated sternal marrow 
after treatment showed the disappearance of the more primitive red blood cells 
and return of the white ceU senes to normal proportions 
Other reports with sprue have mdicated comparable findmgs (23) 

The effect of pteroylglutamic acid on plasma tocopherol levels m sprue was 
reported (244) The level gradually decreased to a very low value m one patient 
dunng a relapse foUowmg the withholdmg of pteroylglutamic acid therapy and 
increased followmg readmmistration of pteroylglutamic acid !Durmg relapse 
it was observed that the patient showed a maximum nse m serum concentration 
of tocopherols of 0 09 mgm per 100 cc after an oral dose of 600 mg of mixed 
tocopherols m contrast to an average peak of 0 37 mgm m seven healthy adults 
after a similar dose Attention was drawn to findmgs elsewhere that muscle 
tissue at autopsy from patients with sprue showed pigment resembhng that seen 
m vitamm E deficient animals and that tocopherol deficiency has been observed 
in rats on purified diets contammg sulfonamides 
Fmdmgs regardmg the metabolism of pteroylglutamic acid and its conjugates 
were obtained m studies with two sprue patients (192) The first patient had 
been treated irregularly and madequately with hver extract He responded 
promptly to mtramuscular rejections of pteroyltnglutamic acid, 4 9 mgm daily 
After 10 days, concentrated hver extract was also administered, and the patient’s 
recoveiy contmued uneventfully Microbiological assays of the urme showed 
that the amount of pteroylglutamic acid excreted daily before the mitiation of 
treatment was so low as to be undetectable Followmg the a dmini stration of 
pterojdtnglutaimc acid, the ulinary excretion of pteroylglutamic acid rose to 
a maximum of 3 66 mgm on the sixth day, then dechned to 1 34 mgm on the 
tenth day Upon startmg hver extract which contamed insignificant amounts 
of pteroylglutamic acid, the excretion rose to the remarkably high level of over 

7 mgs of pteroylglutamic acid daily for two days, m spite of the fact that the 
daily retake of pteroyltnglutamic acid corresponded to only 3 1 mgm of pteroyl- 
glutamic acid This findmg mdicated that some factor m hver extract had a 
marked effect on pteroylglutamic acid metabolism m sprue The second patient 
was treated orally with a concentrate of pteroylheptaglutamic acid contammg 

8 4 mgm of pteroylheptaglutamic acid and about 0 3 mgm of free pteroylglutamic 
acid per daily dose Remission promptly occurred with urmaiy excretion of 
only sma l l amounts of pteroylglutamic acid The excretion rose to a Tnaximum 
of 0 32 mgm on the tenth day, at which pomt the rejection of hver extract was 
started, followmg which the urmaiy excretion contmued to mcrease to a maxi- 
mum of 1 6 mgm Treatment of the urme of either patient with “conjugase” 
mdicated the absence of conjugates The number of cases is so small that the 
results until confirmed should he treated with reservation m spite of their great 
biochemical mterest 

A patient with sprue was treated with 5 mgm of pteroyltnglutamic acid twice 
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glutamic acid is broken down to xanthopterm and is excreted as such m the urme, 
these observations might imply that there is an mcreased rate of breakdown of 
pteroylglutamic acid m pernicious anemia However, two other patients in 
this study had extremely low urinary xanthopterm values which mcreased after 
treatment with hver extract 

Sprue The successful treatment of sprue with pteroylglutamic acid was 
first reported m November 1945 (241) Two patients were treated daily with 
16 mgm of pteroylglutamic acid by mtramuscular mjection The symptoms of 
glossitis disappeared after 4 days treatment m the first case After mne days 
the reticulocydes reached a peak of 15 3 pmr cent and a marked mcrease m throm- 
bocytes was noted The red ceU count rose from 1 66 to 3 88 cells per cu mm 
and the per cent hemoglobm rose from 6 0 to 9 6 These changes were accom- 
pamed by marked general betterment, mcludmg regeneration of the hngual 
papillae, subsidence of the diarrhea and considerable gam m weight The toler- 
ance curves for oral glucose and vit amin A became more nearly normal The 
second case received similar treatment and showed a reticulocyte crisis on the 
4th day accompamed by subjective improvement 

In another report (220) 20 mgm of pteroylglutamic acid was mjected mtra- 
venously each day for 10 days to a patient with sprue Following the mitial 
ten-day penod 40 mg was mjected every other day for an additional two weeks 
A reticulocyte peak of 30 2 per cent was obtamed on the seventh day although 
the mitial red coimt was 2 6 milhon cells, so that the reticulocyte response was 
greater than was anticipated. The patient gamed 8 pounds withm 3J w'eeks 
and the oral glucose tolerance test showed much better absorption 

Three cases of “tropical” sprue were treated with 200 mgm of pteroylglutamic 
acid dally by mouth (242) Subjective improvement was noted after 3 or 4 
days The erythrocyte count wms 1 16 to 2 16 milhon cells per cu mm on the 
10th day Reticulocyte crisis occurred m 6 to 7 days with peak values of 17 
per cent to 22 per cent Gams m strength, vigor and appetite were noted 

Further laboratoiy findings regardmg patients with sprue were reported (243) 
Three patients were studied who fulfilled all of the criteria necessary for the 
diagnosis of sprue mcludmg glossitis, diarrhea with mcreased fat content of 
the stools, marked loss of weight, pigmentation of the skm, macrocytic anemia, 
moderate leucopenia, impairment of absorption as mdicated by a flat oral glu- 
cose tolerance curve with a normal mtravenous tolerance curve, a flat vitamm 
A tolerance curve and a very low serum carotene content, and a charactenstic 
gastromtestinal pattern on x-ray exammation Free hydrochlonc acid was 
present m the gastnc juice of each Sternal marrow of two of the patients was 
exatnmed and found to be typical of that seen m untreated sprue and pernicious 
anerma After a prelunmary penod of observation these patients received daily 
mtramuscular mjections of 15 mgm of pteroylglutamic acid as the sole thera- 
peutic agent In all three cases prompt hematological and clmical improvement 
was noted mcludmg disappearance of glossitis withm 3 or 4 days, regeneration 
of the Imgual papillae, an improved sense of well-bemg, subsidence of diarrhea, 
unprovement m appetite and gam m weight One patient gamed 26 pounds 
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infections The remauung 9 responded, shomng reticulocyte peaks, a return 
of the bone marrow pattern to normal, and mcreases m hemoglobm and red ceU 
counts Increases m the platelet counts were noted m blood smears at around 
the nmth day The effect of pteroylglutannc acid was stated to be mdistm- 
guishable from that produced by liver extract and no relapses were observed 
m follow-up studies which lasted up to 10 months The etiology of the condi- 
tion, which was commonly associated with coughs and coryza, was mdefimte 
Of mterest is the observation that one child had taken nothmg but goats’ milk 
for four months This recalls the early obsenations with rats (44, 46) An- 
other early observation (251) descnbed the response of “goats’ milk anemia” 
in infants to hver extract and to yeast No response was obtamed to iron 

Celiac disease The occurrence of macroc 3 d.ic anemia m cehac patients has 
been stated to be “exceedmgly rare” (252) Results with the use of pteroyl- 
glutamic acid m the USA have not been encouragmg (253) However, two 
reports have appeared m England, m one of these (254) the case of a 17-month 
old boy was descnbed The patient was emaciated and anemic He had re- 
sponded previously to treatment with hver extract, but a second treatment was 
mefifective Pteroylglutamic acid, 25 mgm daily, was admmistered orally, 
followmg which there was immediate clmical improvement and a gam m weight 
of 13 pounds m 16 days In the second article (255) two cases of cehac disease 
pnfantile sprue?) were encountered with “typical chnical features” mcludmg flat 
glucose tolerance curves and megaloblastic bone marrow Both cases responded 
to daily dosage with 5 mgm of pteroylglutamic acid with stnkmg clmical im- 
provement and reticulocyte responses of more than 25 per cent 

Glossitts of pellagra It was reported (256) that the glossitis of pellagra started 
to respond wi thin two days to the daily oral administration of 10 mgm of pteroyl 
glutamic acid By 5 days the glossitis had disappeared completely m one case 
and m a second case there was “evidence of a great deal of heahng” The pa- 
tients had previously shown glossitis which had been successfully treated with 
niacmamide These observations may mdicate an mterestmg relationship 
between niacmarmde and pteroylglutarmc acid deficiencies m pellagra 

Radiation sickness Pteroyltnglutaimc acid was administered at the rate of 
5 mgm daily for 6 days to 8 patients with leukopema resultmg from local mten- 
sive x-ray treatment of carcmoma of the cemx Elevations of the leukocyte 
count were noted, but the amounts of pteroyltnglutaimc acid available were so 
limited that the results obtamed were not considered to lead to definite conclu- 
sions (257) A group of patients with lymphoblastomas received radiation 
therapy which resulted m an aggravation of anemia and neutropema When 
a crude preparation of pteroylglutamic acid was fed by mouth m addition to the 
use of radiation therapy m 69 of the patients, it seemed that the deletenous and 
depressant effects of radiation on the bone marrow were decreased, the frequency 
of necessary transfusions was lessened, and the penod of hospitalization was 
lessened (258) 

Miscellaneous observations It was noted m India that certam cases of chronic 
diarrhea responded to treatment wath 40 to 60 mgm of pteroyl^utamic acid 
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daily by intramuscular mjection A total quantity of 83 mgm was given over a 
period of 9 days A reticulocyte peak of 38 per cent occurred on tbe fifth day 
of therapy and was accompamed by a rise m erythrocyte count and m hemoglobin 
and by cluneal improvement (245) 

Thymine in sprue Cluneal and hematological improvement were reported 
in four patients ivith sprue who received 15 grams of thymme daily (246) 
Reticulocyte peaks a ere reached on the eighth or nmth day, and were followed 
by mcrease in erythrocytes and hemoglobm, subjective improvement and a re- 
turn of the stools toward normal The authors observed that the response was 
less dramatic than that observed with pteroylglutamic acid 

Nutniumal macrocytic anemia This condition was discussed and revieiied 
(17) In December 1945 (22), a consistent effect of pteroylglutamic acid in 
produemg remission of 9 cases of nutritional macroc 3 dic anemia was desenbed 
The responses were similar to those described for pernicious anemia m the same 
article (see p 82) Additional details were given m a later pubhcation (222) 
Similar results were obtamed elsewhere (23) “Nutritional macrocytic anemia” 
occurrmg m a patient who had previously responded to pteroylglutamic acid 
and who had subsequently relapsed, was found to respond to pteroylheptagluk 
amic acid, 14 mg daily for 9 days (247) The cluneal improvement was rapid 
and was comparable to that observed with pteroylglutamic acid A case of 
nutritional macrocytic anemia did not respond to pteroic acid, 5 mgm by mtra- 
muscular mjection daily for 8 days The patient subsequently responded to 
dosage with pteroylglutamic acid, 5 mgm daily 

Macrocytic anemia of pregnancy A patient was described as havmg a red 
blood cell count of 1 1 to 1 2 million red blood cells per cu mm 18 days after 
parturition She received 20 mgm of pteroylglutamic acid mtramuscularly for 
each of 10 days Her subjective improvement was marked on the third day, and 
a peak value of 48 per cent reticuloc 3 des was reached on the seventh day The 
red cell count rose quite rapidly (220) Another report (24) desenbed a response 
to pteroylglutamic acid m what was presumably a case of macrocytic anemia of 
pregnancy 

Megcdoblastic anemia in infancy A senes of studies (248, 249, 250) desenbed 
this condition as bemg charactenzed by 

1 Normochromic anemia, usually but not mvanably macrocytic 

2 A tendency toward leukopema and neutropenia 

3 A diminution of platelets, often associated with an increased bleeding 
tendency 

4 A megaloblastic bone marrow pattern resemblmg or identical with the 
pattern seen m peimcious anemia m relapse 

5 A frequent incidence of splenomegaly, an evidence of infection usually 
present, a histamme refractory achlorhydria present but reversible 

The -beatment of 29 patients was desenbed, 12 of these received pteroylglu- 
tamic acid either synthetic or m the form of a natural concentrate prepared by 
elutmg a charcoal adsorbate of hier extract The dosage rate was 6 to 20 
mgm per day for 8 days to 3 weeks Three of the patients died with severe 


January im FtEROYlGLUTAMIC ACID AITO RELATED COMPOUNDS ’ 91 


infections The remaining 9 responded, showmg reticuloc}^ peaks, a return 
of the bone marrow pattern to normal, and mcreases m hemoglobm and red cell 
counts Increases m the platelet counts were noted m blood smears at around 
the ninth day The effect of pteroylglutamic acid was stated to be mdistm- 
guishable from that produced by hver extract and no relapses were observed 
m follow-up studies which lasted up to 10 months The etiology of the condi- 
tion, which was commonly associated with coughs and coryza, was mdefinite 
Of mterest is the observation that one child had taken nothmg but goats’ milk 
for four months This recalls the early observations ivnth rats (44, 46) An- 
other early obsen^tion (251) descnbed the response of “goats’ milk anemia” 
m infants to hver extract and to yeast No response was obtamed to iron 
Cekac disease The occurrence of macrocytic anemia m cehac patients has 
been stated to be “exceedmgly rare” (252) Results mth the use of pteroyl- 
glutamic acid m the USA have not been encouragmg (253) Hov ever, tv o 

reports have appeared m England, m one of these (254) the case of a 17-month 
old boy was descnbed The patient was emaciated and anemic He had re- 
sponded previously to treatment with hver extract, but a second treatment was 
meffective Pteroylglutamic acid, 25 mgm daily, was admmistered orally, 
following which there was immediate chnical improvement and a gam m weight 
of 13 pounds m 16 days In the second article (255) two cases of cehac disease 
(mfantile sprue?) were encountered with “typical clmical features” mcludmg flat 
glucose tolerance curves and megaloblastic bone marrow Both cases responded 
to daily dosage with 5 mgm of pteroylglutamic acid with stnkmg chmcal im- 
provement and reticulocyte responses of more than 25 per cent 
Glossitis of peUagra It was reported (256) that the glossitis of pellagra started 

to respond withm two days to the daily oral admmistration of 10 mgm of pteroyl 
^utamic acid By 5 days the glossitis had disappeared completely m one case 
and m a second case there was “evidence of a great deal of healmg” The pa- 
tients had previousl 3 ’' shown glossitis which had been successfully treated with 
niacmanude These observations may mdicate an mterestmg relationship 
between niacinamide and pteroylglutamic acid deficiencies m pellagra 
Radiation sickness Pteroyltnglutamic acid was admmistered at the rate of 
6 mgm daily for 6 days to 8 patients with leukopenia resultmg from local mten- 
sive x-ray treatment of carcmoma of the cervix Elevations of the leukocjd* 
count were noted, but the amounts of pteroyltnglutamic acid available were so 
hnuted that the results obtamed were not considered to lead to definite conclu- 
Bions (257) A group of patients with lymphoblastomas received radiation 
therapy which resulted m an aggravation of anemia and neutropenia When 
a crude preparation nf pteroylglutamic acid was fed by mouth m addition to the 
^ of radiation therapy m 69 of the patients, it seemed that the deletenous and 
epressant effects of radiation on the bone marrow were decreased, the frequencj’' 
of necessary transfusions was lessened, and the penod of hospitalization -was 
lessened (258) 

Miscellaneous observations It was noted m India that certam cases of chrome 
rrhea responded to treatment with 40 to 60 mgm of pteroylglutamic acid 
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daily Therapy restored the stools to nonnal or approxunately so within two 
to five days It was suggested that m long-standing diarrhea a nutntional fac- 
tor prolonged the production of abnormal stools and that pteroylglutanuc acid 
appeared to correct this defect (259) 

The finding that edema occurs in “vitamm-M” deficient monkeys (260) 
18 paralleled by a recent case report of the disappearance of “nutritional edema” 
m 7 days m a one-year-old child upon treatment with pteroylglutanuc acid (261) 

TABLE 6 


Blood dyserasiM reported not to retpond to pteroylglxUamtc and 


COWDmOH 

MO OrcASXS 

umzKcx 

Anemia of premature infanta 

18 

(348) 

Hypochromic macrocytic anemia 

5 

(248) 

Chrome hypoplaatic anemia 

2 

(248) 

Mediterranean anemia 

1 

(248) 

Subacute myelogenous anemia 

1 

(248) 

Acute lymphatic anemia 

1 

(248) 

Sickle cell anemia 

1 

(248) 

Hypoplastic marrow 

6 

(264) 

Monocytic leukemia 

6 

(264) 

Leukopema m virus influenia * 

3 

(264) 

Macrocytic anemia secondary to cirrhosis 

1 

(264) 

Anemia associated with portal cirrhosis 

4 

(227) 

Acquired hemolytic anemia 

1 

(284) 

Chrome myelogenous leukemia 

1 

(264) 

Chrome lymphatic leukemia 

1 

(264) 

Aplastic anemia 

3 

(222) 

Iron deficiency anemia 

4 

(222) 

Anemia associated with leukemia 

3 

(222) 

Anenua associated with Wed’s disease 

1 

(227) 

Subacute lymphatic leukemia 

1 

(227) 

Eefractory anemia following insecticide 



exposure* 

4 

(267) 

Refractory anemia, other causes* 

4 

(267) 

Leukopema following x-ray treatment* in 



Hodgkin’s disease 

1 

(267) 

Leukopema following sulfonanude treat- 



ment* 

1 

(267) 


• Treatment with 6 mgm pteroyltnglutarmc acid daily for 6 days 


Relief of two cases of dermatitis was observed m patients who received sup- 
plementation with a crude concentrate of pteroylglutanuc acid prepared from 
hver (262) A synthetic pteroyldiglutamic acid was foimd to produce remission 
m two relapsed cases of pernicious anemia and one case of nutntional macrocytic 
anemia (263) One of the cases received 20 mg daily by mouth for 10 days 
Blood dyacrasias not responding to pteroylglutamic acid Information regarding 
these IS summanzed m table 6 

Discussion An attempt to define two broad groups of megaloblastic anemias 
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on the basis of recent results with pteroylglutamic acid is made m table 6 
No clear-cut differentiation between the two groups is imphed, mdeed, it seems 
that sprue embodies certam characteristics of both groups A metabohc defect 
in sprue is mdieated by its tendency to relapse and by its response to refined 
hver extract, m one case report (192) an effect of hver extract on pteroylglu- 
tamic acid metabolism m sprue is mdieated A dietary deficiency m sprue is 
imphed by the effects of the accompanymg diarrhea and fiequently by the nutn- 
tional history of the patients 

It has been pomted out that some cases of nutritional macrocytic anemia not 
only fail to respond to the erythrocyte maturation factor but also do not respond 

TABLE 6 


Dtfferentuilton of hco groups of megaloblasttc anemias 


COAXACTTMIUTtOn 

oxottfI 

OXOUP2 

Hemopoietic response to — 
a Erythrocyte maturation factor 
of concentrated injectable hver 



extracts 

+ 

— 

b Lean beef -f- normal human gas- 



tno juice 

+ 

— 

0 Pteroylglutamic acid 

+ 

+ 

Occurrence 

May occur on “nor- 

On deficient diets, us- 


inal”diet 

ually in tropics 

Suggested cause 

Metabohc defect 

Dietary deficiency of 

Analogue in expenmental nnimnlB 

Unknown 

pteroylglutamic acid 
Pteroylglutamic acid 

1 

Examples 

Addisoman pernicious 

deficiency in mon- 
keys, chickens, rats 
Tropical macrocytic 





to feedmg lean beef with or without normal human gastnc juice, as a source of 
the extnnsic factor (18) It has been observed that dietary pteroylglutamic 
acid deficiency m chicks and rats is not alleviated by lean beef (265) 

The metabohc disturbance m addisonian pernicious anemia not only mvolves 
pteroylglutamic acid but m some patients also mcludes neurological disturbances 
which m certam cases may be controlled by hver extract and not by pteroyl- 
glutamic acid 

Further hght on the classification of the megaloblastic anemias may result from 
studies m the utilization of pteroylhepta^utamic acid (p 86) Another possi- 
bihty for biochemical mvestagation may he m additional studies with thymme, 
which m large doses has been reported to produce remission of pernicious anemia 
(p 84) and sprue (p 90) 

Excrelton Only very small amounts of “fohe acid” were reported to occur 
m human urme (266) It was found (50) that the dafly urinary excretion of 
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daily Therapy restored the stools to normal or approximately so withm two 
to five days It was suggested that m long-standmg diarrhea a nutritional fac- 
tor prolonged the production of abnormal stools and that pteroylglutamic acid 
appeared to correct this defect (269) 

The findmg that edema occurs m “vitamm-M” deficient monkeys (260) 
18 paralleled by a recent case report of the disappearance of “nutritional edema” 
m 7 days m a one-year-old child upon treatment with pteroylglutanuc acid (261) 

TABLE 6 


Blood dyseramaa reported not to respond to pleroylgltUamie aetd 


CONDITION 

NO 07CASX8 

JLXTXlZmX 

Anemia of premature infants 

18 

(248) 

Hypochromic macroc 5 rtic anemia 

6 

(248) 

Chrome hypoplastic nnemm 

2 

(248) 

Mediterranean anemia 

1 

(248) 

Subacute myelogenous anemia 

1 

(248) 

Acute lymphatic anemia 

1 

(248) 

Sickle cell anemia 

1 

(248) 

Hjrpoplastic marrow 

6 

(284) 

Monocytic leukeima 

6 

(284) 

Leukopema m virus influenza 

S 

(284) 

Macrocytic anemia secondary to cirrhosis 

1 

(264) 

Anemia associated with portal cirrhosis 

4 

(227) 

Acquired hemolytic anerma 

1 

(264) 

Chrome myelogenous leukemia 

1 

(264) 

Chrome lymphatic leukeima 

1 

(284) 

Aplastic anemia 

8 

(222) 

Iron deficiency anemia 

4 

(222) 

Anemia associated with leukeima 

3 

(222) 

Anemia associated with Weil’s disease 

1 

(227) 

Subacute l 3 rmphatic leukemia 

Refractory anemia following insecticide 

1 

(227) 

exposure* 

4 

(267) 

Refractory anemia, other causes* 

Leukopema following x-ray treatment* in 

4 

(267) 

Hodgkm’s disease 

Leukopema following sulfonamide treat- 

1 

(267) 

ment* 

1 

(267) 


* Treatment with 6 mgm pteroyltnglutanuo acid daily for 6 days 


Rehef of two cases of dermatitis was observed m patients who received sup- 
plementation with a crude concentrate of pteroylglutanuc acid prepared from 
hver (262) A synthetic pteroyldiglutanuc acid was found to produce remission 
m two relapsed cases of pernicious anemia and one case of nutritional macrocytic 
anemia (263) One of the cases received 20 mg daily by mouth for 10 days 
Blood dyscrasias not responding to pieroylglnlamtc acid Information regarding 
these IS summarized m table 6 

Discussion An attempt to define two broad groups of megaloblastic anemias 
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rats for tsvo months produced no unfavorable reactions In a similar penod, 
dafly mtrapentoneal mjections of 50 mgm per kgm to rabbits and 75 mgm per 
tgm to rats produced some changes m the tubules of the kidney, but no deaths 
The acute toxicitj’’ rvas lov Rats and mice tolerated approximately 200 
mgm per kgm mtravenously, mth no evidence of action 
Relaiton of ■pleroylglutamic acid to an anemia produced in dogs An anemia nns 
reported to occur m dogs vhich received chohne bj”^ stomach tube or acetjd chohne 
by mjection Acetyl-chohne-hke actmty vas detected m trichloracetic acid 
filtrates of the serum of blood drawn from dogs one to li hours after the oral 
admimstration of 200 mgm of chohne chlonde Tnchloracetate was not re- 
mo\ ed from the filtrate before the acet}"! chohne assaj-^ was made The activity 
was dimin ished m the serum of dogs which had prenously received liver extract 
or pterojdglutamic acid Chohnesterase activity of the serum was mcreased 
by mcubation with pterojdglutamic acid or hier extract at 37°C In two 
normal human subjects, admimstration of 5 to 7 5 mgm of pteroylglutamic acid 
by mouth led to mcreases of 33 per cent and 16 per cent m their serum cholmes- 
terase activities within 5 hours It was concluded that hver extract and pteroyl- 
glutamic acid acted by mcreasmg the formation of chohne esterase (272) Fur- 
ther experiments mdicated that the rate of regeneration of the cholmesterase 
activity of the serum of dusopropylfluorophosphate treated-dogs was mcreased 
by the administration of hver extract or pteroylglutamic acid (273) No con- 
firmation of these results has been reported No anemia-producmg effect of 
chohne was observed m various experiments with human subjects (274, 275, 276) 
PteroyUnglulamic acid, pteroylgluiamvc acid and mammary tumors in mice 
A senes of studies was made of the effect of mtravenous mjections of yeast ex- 
tract on spontaneous breast tumors m mice (277, 278, 279, 280) Spontaneous 
tumors were studied m the earher experiments and later (281) tumors were de- 
veloped m Rockland mice by transplantation with Sarcoma 180 The mice were 
then used as test ammals Thej were kept on a normal diet and the effect of 
four mtrai enous mjections oi er a penod of 48 hours 8 daj s after the transplanta- 
tion was judged by companng sizes and weights of tumors m matched treated 
and untreated mice Inositol alone among ciystalhne factors of the B complex 
was reported to inhibit the rate of tumor growth over a range of 50 to 250 micro- 
grams dail}'^ when administered by mtravenous mjection, but subcutaneous or 
oral administration were meffectn e (282) Inhibition of tumor groivth m this 
test was reported to be produced by mjectmg a concentrate of “fohe acid” 
0 16 to 5 0 micrograms, or bj mjectmg pteroyltnglutamic acid, 0 0063 to 0 40 
microgram (305) Studies mth spontaneous breast tumors m mice (283) showed 
that mtravenous mjections of pteroyltnglutamic acid, 5 micrograms daily, led to 
complete regressions of spontaneous breast cancers m mice m the case of 43 per 
cent of a group of 89 animals No tumors disappeared among the 60 controls 
^Iice from three strains were used In contrast, pteroylglutamic acid had no 
mhibitorj’’ effect and it was reported that pnmarj'' tumors m mice receinng 100- 
microgram doses of pteroylglutamic acid mtravenously gren more rapidlj' than 
the tumors of untreated controls (284) 
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L caset factor by 15 normal mdividuals averaged less than 1 per cent of the 
probable dietary mtake 

Studies of the daily urmary and fecal “fohc acid” excretion were measured 
by assay with S fecalis R (267) Seven, young men on a “normal” diet served 
as experimental subjects The average daily “fohc acid” excretion was about 
4 micrograms m the unne and 300 micrograms m the feces ^The average daily 
dietary mtake was found to be only 62 micrograms, which seems to be very low, 
although the diet was not described In a further commumcation (268) the 
effect of supplementation with vanous vitamins, mcludmg 90 imcrograms of 
pteroylglutamic acid daily, was measured m the case of 2 of 7 subjects on a 
“restncted” diet Urinary excretion of pteroylglutamic acid was not mcreased 
by the supplementation, but the feeal excretion was possibly mcreased somewhat 
Agam, the fecal excretion exceeded the mtake The extent to which fecal 
pteroylglutamic acid is nutntionally available is at present unknown The 
occurrence of nutritional macrocytic anemia presumably as a result of dietary 
pteroylglutamic acid deficiency (4, 21, 22, 23, 24) may mdicate that “mtestinal 
synthesis” is ineffective as a source of pteroylglutamic acid under certam con- 
ditions, although the production of pteroylglutamic acid deficiency m human 
subjects on purified diets has not been reported 

It was reported (192) that the daily urinary excretion of pteroylglutamic 
acid rarely exceeds 6 micrograms and is usually 2 to 4 micrograms on ordinary 
diets Oral or parenteral administration of pteroylglutamic acid led withm 
24 hours to an excretion of 16 to 76 per cent of the amount administered dependmg 
on the size of the dose, one mdividual excreted 16 per cent of one mgm mtra- 
muscular dose, while on a dosage of about 10 mgm daily either orally or paren- 
terally the excretion usually ranged between 35 and 60 per cent 

Doses of 6 to 16 mgm of pteroylglutamic acid were fed to 9 normal subjects 
and 9 hospital patients (269) The normal subjects before receivmg pteroyl 
glutamic acid had an average daily urmary excretion of between 2 and 3 micro- 
grams of pteroylglutamic acid They excreted an average of 28 6 per cent of 
the a dmini stered dose Most of the excretion took place the second and eighth 
hours after dosage The hospital patients excreted much lower percentages 
of the admimstered dose Oral administration of 6 mgm of sodium pteroyl- 
glutamate was found (270) to result m excretion of between 44 and 57 per cent 
of the administered dose withm 6 hours After 24 hours the excretion fell to 
basal levels 

Pharmacology Studies of the pharmacology of pteroylglutamic acid indicated 
that the substance had a low acute and chronic toxicity and showed an almost 
complete absence of side reactions even when the dose was far above the thera- 
peutic range (271) Mice, rats, gumea pigs, rabbits, cats and dogs were used m 
the studies Eenal damage wa*’ observed m some of the animals foUowmg m- 
travenous mjection of large doses of sodium pteroylglutamate The substance 
did not affect the respiration or the blood sugar and the effects on the blood pres- 
sure "and the isolated intestine were of a minor order In chronic expenmcnts, 
the daily a dminis tration of 5 mgm per lolo intrapentoneally to rabbits and 
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The two organisms which have been used for assaj purposes are S fecalis 
B. and L casei S Jecalis has the adrantage of givmg more reproducible results 
and of requirmg shorter mcubation penods than with L caset, but it requires 
approximately 5 tunes as much pteroylglutamic acid as L casei to give half 
maximum growth, thus limitin g the assay of verj' low-potency materials 
Growth with S Jecalis R can be measured turbidimetncally after 16 hours or 
after 40 hours by titnmetnc methods L casei requires an additional groudh 
stimulant to attam mnximnm growth durmg the first 16 hours This growth 
stimulant, which has been termed “strepogenm” (290) is bberated from casern 
by tryptic digestion The acid-hydrolyzed casern usually used as a nitrogen 
source m nucrobiological assay media is devoid of strepogenm and thus it is not 
possible to conduct an assay with L casct m 16 hours for pteroylglutamic acid 
with such media A method has been devised (291) to permit a 16-hour assay 
with L casei by usmg a tiyptic hydrolysate of casern as a source of ammo acids 
and strepogenm There have been insuffi cient published reports on this method, 
however, to properly assess its value 

In the assay of enzymatically hydrolyzed conjugates L casei will frequently 
give hi^er results than those obtamed with S fecahs This is probably due to 
the fact that L caset wiU respond to partially hydrolyzed conjugates which are 
inactive for S Jecalis R 

The method of choice would seem to be that of Teply and Elvehjem usmg 
either S Jecalis or L casei The medium has a high concentration of buffers 
and glucose which pemuts a high mavimiim growth and contains added quanti- 
ties of dl alanme which has been shown to markedly stimulate growth m the 
presence of suboptimal amounts of pteroyl^utamic acid (292) 

The importance of usmg a pure grade of cotton for plugs is mdicated by the 
observation (293) that nonabsorbent cotton may contam appreciable amounts 
of pteroylglutamic acid 

Pteroylglutanuc acid is very labile at pH 7 to direct or mdirect sunhght but 
four hours exposure to artificial hght produced only 10 per cent destruction 
(294) 

The need for appropriate enzymatic hydrolysis of conjugates to precede nucro- 
biological assay has already been discussed In the hydrolysis of natural mate- 
rials two steps probably occur, first, the release of pteroylglutamic acid or its 
conjugates from the tissue to give a soluble form and second, the hydrolysis 
of the soluble but inactive conjugates to microbiologically active compounds 
It was found that while taka-diastase cannot hydrolyze all the conjugates pres- 
ent (295, 189) it does aid m releasmg the factor from tissues (184) Autoclavmg 
at pH 4 or with 2N potassium hydroxide has been found effective (296) m 
sphttmg a conjugate obtamed from hver The use of alkalme hydrolysis has 
the disadvantage that while pteroylglutamic acid is stable to alVnli under anae- 
robic conditions, it is qmcHy destroyed by alkali m the presence of oxygen (163) 
It was also found that (163) pteroyltnglutamic acid could be hydrolyzed anaero- 
bically by alkal i but that racemization of the pteroylglutamic acid which was 
released occurred A comparison was made of a vanety of chermcal and enzymic 
methods for the liberation of pteroylglutamic acid (297) Hydrolysis by auto- 
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Further experiments with the transplanted tumors were reported (285) 
Xanthoptenn was found to be inhibitory It was reported that leucoptenn 
antagomzed the inhibitory effect of xanthoptenn Studies of the effects of 
mutually competitive substances on transplanted tumors were reported (286) 
Inositol was an inhibitor of tumor growth and was neutralized by p-aminobenzoic 


TABLE 7 


Media described for the assay of pieroylglutamie acid 


INGSZDtCKT 

iuioom Fxs 10 ml AHOBinuoaxArHiCEEmEHCE 

(8) 

<287) 

(288) 

(98) 

(289) 



mpn 

mr» 

fHfSU 

WX* 

Na acetate 

60 

60 

60 

20 

200* 

KjHPOi 




60 


Na citrate 





260t 

Acid-hydrolyzed casern 

60 

60 

60 

60 

60 

Glucose 

100 

100 

100 

100 

200 

Cystme 

1 0 

1 0 

1 0 

1 0 

2 0 

Tryptophane 

1 0 

0 6 

1 0 

3 0 

2 0 

Adenine 


0 1 

0 05 

0 1 

0 1 

Guanine 


0 1 

0 06 

0 1 

0 1 

Uracil 


0 1 

0 05 


0 1 

Xanthme 


0 1 

0 06 

0 1 

0 1 

Asparagine 



2 6 


1 0 

Nonted peptone 





Present 

dl-Alanine 





20 


lit 

fit 

yt 

pr 

Pt 

Thiamine 


1 0 

1 0 

2 0 

2 0 

Riboflavin 

1 0 

2 0 

2 0 

2 0 

2 0 

Nicotinic acid 

2 0 

1 0 

2 0 

6 0 

60 

Pyndoxme 


1 0 

4 0 

12 0 

12 0 

Ca pantothenate 

6 0 

1 0 

2 0 

4 0 

4 0 

Biotin 


0 002 

0 05 

0 004 

0 OW 

p-aminobenzoic acid 





0 1 



mJ 

wH 

mJ 

fd 

Salts At 

0 06 

0 026 

0 05 



Salts B§ 

0 06 

0 026 

0 05 

0 06* 

0 05 








• For L caset 
t For S fecalis R 

JKiHPOt.C gram, KHfPOi.S gram, HiO, SO ml 

5 MgS 04 , 7 Hi 0 , 10 gram, NaCl, 0 6 gram, FeS 04 , 7 Hi 0 , 0 6 gram, MnS 04 , 2 Hj 0 , 0^ 
gram, HjO, 260 ml 


acid or pyndoxme, desthiobiotm inhibited tumor growth and was neutralized 
by biotm 

Mtcrohtologxcal assay methods A vanety of methods has been proposed (8, 
186, 287, 288, 289, 98) for the microbiological assay of pteroylglutamic acid 
A number of attempts to improve the basal media have been made by mcreasmg 
the amounts of vitamms, ammo acids and the supplemental' factors, and by 
mcreasmg the amounts of glucose and buffermg capacity to permit a higher 
maximum growth These media are descnbed m table 7 
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encountered, for example yellou' com Tvas found to contain 0 017 microgram per 
gram by S fecalts E and 0 056 bj' L casci iMost of the values obtamed with 
canned foods were quite Ion , ai eragmg less than 0 1 micrograms per gram, ex- 
cept for canned spmach 

Similar assay methods were applied to a study of meats (304) Muscle meats 
were found to contain 0 06 to 0 33 microgram per gram of fresh tissue, hver 0 4 
to 1 5 micrograms and kidney 0 3 to 0 6 microgram Cookmg resulted m destrac- 
tion rangmg up to 92 per cent of the ongmal content 
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clavmg at pH 4, by autoclaviiig with 0 IN potassium hydro\ide, and by digestion 
with taka-diastase and mth conjugase from chicken pancreas ivere compared 
With certain tissues e g chicken kidney, taka-diastase digestion gave higher 
results than digestion mth conjugase from chicken pancreas Hon ever, mth 
other products, such as yeast extract, conjugase treatment gave the highest 
values These data show that there is no digestion method which will yield the 
highest result mth all tj^ies of products The authors (127) have found digestion 
mth taka-diastase, followed by hydrolysis mth chicken pancreas conjugase to 
give higher results than treatment of either enz3miic preparation alone 

Assay with chicks The assay of “vitaimn Bo” mth chicks on a purified diet 
was descnbed (80) The chicks were placed on the basal diet until they became 
anemic, followmg nhich the supplements were administered A prophylactic 
method has been used more recently (186, 298, 299, 300) based on growth and 
exammation of the blood The chick assay appears to express the total pteroyl 
glutamic acid content of the sample including both the free and conjugated forms 
(186) 

The use of rats and monkeys for assay a.mmala has been descnbed m detail 
(301) 

Dtstribuiion of pteroylglutamic acid A number of studies have appeared which 
descnbe the assay of foods and other natural products for pteroylglutamic acid 
The interpretation of some of the early results is comphcated by several obser 
vations Pteroylglutamic acid exists naturally to a considerable extent m the 
form of conjugates which are inactive m the microbiological assay until treated 
mth a specific enzyme preparation which hberates pteroylglutamic acid (185) 
F.ven when a preparation of the enzyme is used, there is no cntenon for the com- 
nletion of the hydrolysis, and this consideration is brought mto sharp focus by the 
reported existence of inhibitors of the enzyme system m natural foods (240) 
Attention has been drawn to the growth promotmg effect of thymme as a possible 
romphcatmg factor m the interpretation of the assay (123) The availability of 
pteroylglutamic acid conjugates m the nutntion of ammals appears to be good 
(37, 68, 70, 92) although questions have been raised as to the utihzation of con 
jugates by certam species (43) and by pernicious anemia patients (235, 236) 

The "fohc acid" content of a number of natural foods was earned out by assay 
mth S fecalts R (302) Taka-diastase was used m the preparation of the ex- 
tracts This enzyme preparation has been reported not to liberate pteroylglu- 
tamic acid completely from its conjugates (36) “Folic acid” showed the greatest 

losses due to cookmg of all the B vitamins studied, cookmg losses among meats ! 
ranged from 46 per cent m halibut to 95 per cent m pork chops, and m vegetables 
from 69 per cent m cauliflower to 97 per cent m carrots The authors postulated 
that the vitamins may become “bound” m tissues dunng cookmg Muscle 
meats ranged from 0 7 to 2 0 micrograms of “folic acid” per gram of fresh tissue, 
liver 3 to 6 micrograms and vegetables 0 5 to 2 micrograms The “folic acid” 
content of samples of vanous canned foods were assayed for “folic acid” mth 
S fecahs R and L casei foUomng mcubation mth taka-diastase for 24 hours at 
37° (303) Considerable dispanty between S fecahs and L caset values was 
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CONDITIONING FACTORS IN NUTRITIONAL DISEASE^ 
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M ALNTJTBmoE MAI BE cwsED by a number of factors other than inade- 
quate dietary mtake These mclude conditions that mterfere with the 
absorption or utdization of nutrients, or those tliat mcrease their re- 
quirement, destruction or excretion These “conditioning factors”, as Jolhffe 
terms them (237), have one pomt m common they mcrease bodj’’ requirements 
for specific nutnents or precipitate nutritional deficiencies on diets that would 
otherwise be adequate were such factors not operative The effects of “condi- 
tionmg factors” on ntamm deficiencies have been the subject of earher renews 
(236, 237, 239, 391) , it is the object of the present contnbution to summanze then- 
effects on other nutrients as i\ ell The present reneu makes no attempt to be 
a complete compendium of the hterature but is designed as a cntical survey of 
pertment matenal m a few mam sections of the field 
Factors Interfering vnlh Absorption A Fat soluble Vtlamtns Fat is necessary 

for the efficient absorption of carotene and vitanun A (26) Wilson (441) found 
that in men on a fat-free diet the absorption of cajotene was nearly halved, while 
Ahmad (7) observed that m animals on a fat-free diet only ten to twenty per cent 
of carotene was absorbed when dissolved m ethyl laurate with the percentage ns- 
mg to eighty or ninety per cent when ten per cent fat was also taken The im- 
portance of fat for the absorption of vitamm A is largely academic, for vitanun A, 
particularly m foods, is almost mvanably found associated -with fat, the small a- 
mounts of fat m highly concentrated medical preparations of vitanun A may, 
however, decrease their value Rough clinical proof that fat, m normal amounts 
at least, aids absorption is given by the laige number of mvestigations which show 
that m all diseases where the absorption of fat is impaired, absorption of vitanun 
A and vitanun A-active carotenoids is also unpaired These mclude a number of 
conditions consistmg of cehac disease (45, 65, 211, 292), sprue (6), fibrosis and 
cystic disease of the pancreas (15, 146, 292), congemtal atresia of the bile ducts 
(14,292), mtestinal obstruction, ulcerative cohtis, dysentery and diarrhea Fever 
also exerts an adverse effect on the absorption of vitamin A and A-active caro- 
tenoids (211, 282), an effect most probably due to unpaired digestion of fats 
Among twenty-mne patients with pulmonary tuberculosis, most of them cdubit- 
mg symptoms of mtestmal tuberculosis as well, the absorption of -ntarrun A was 

* The subject matter of this paper has been undertaken in co-operation with the Com- 
nuttee of Food Research of the Quartermaster Food i. Contamer Institute for the Armed 
Forces The opimons or conclusions contained in this report are those of the author 
Thej are not to be construed as necessarily reflecting the views or indorsemfnt of the War 
Department 
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found to be less efficient than in healthy individuals (47) Absorption of vita- 
min A was similarly impaired m persons with lambhasis or giardiasis (247) 
Evidence is available mdicating that carotene requires for its absorption the 
presence of bile m the mtestinal tract In those conditions m which bile is ex- 
cluded completely or partially from the mtestinal tract or whenever there is a 
deficiency of bile salts, bile salts must be given as a supplement in order to assure 
proper absorption (162) Vitamm A appears to be absorbed, however, in the 
absence of bde or bile salts, though absorption of it is more efficient when one or 
the other is present (46, 47, 162, 163, 247, 388) 
laqmd paraffin senously interferes with the absorption of carotene by dis- 
solvmg it from the food m the mtestme, with the result that it is excreted with 
the parafifin in the feces (91, 348) Curtis and Ballmer (90) have shown by care- 
ful work on man that on a high carotene diet the carotene level in the blood only 
rises to one-half the normal value when 20 cc of paraffin are taken thnce daily 
after meals, takmg it twice daily has nearly as bad an effect, and even taking it 
once at mght has some effect Similar results have been obtamed m work on 
animals (116, 227) Available evidence indicates that hqmd paraffin does not 
matenaUy mterfere with the absorption of vitamm A (16, 116) 

In general, the absorption of vitamins D, E and K is believed to be influenced 
by the same factors that affect vitamm A Taylor and co-workers (410) found 
that dogs with bihary fistulae did not absorb vitamm D when given by mouth 
unless bile salts were given at the same time Other mvestigators, among whom 
IS Hejrmans (212) have confirmed these results by very similar experiments on 
rats or dogs Bnnkhous and Warner (50) report that dogs with chrome bdiaiy 
fistulae develop withm seven to mne months both the nutntional muscular dys- 
trophy and testicular degeneration typical of a deficiency of vitamm E In one 
dog, the muscular dystrophy was arrested and improved when bile was fed 
by mouth Greaves and Schmidt (164) have obtained similar results m rats 
Avmlable evidence indicates that the bile salts are also essential for the proper ab- 
sorption of natural vitamm K. Greaves and Schmidt (165) made the important 
observation that m bile fistula rats the clottmg time was markedly mcreased 
when the prothrombm level of the blood dropped to a level of 20-30 per cent of the 
normal This level of prothrombm was raised by feedmg 2-3 cc of beef bile 
daily or massive doses of vitamm K The best results were obtamed by combm- 
mg bile and vitamm K Similar results have been observed by Smith et al (380) 
m dogs, and B nnkh ous and co-workers (49) m man Synthetic vitanun K ana- 
logues, however, particularly the water-soluble ones, do not need bile salts for their 
al^orption if given in adequate amounts (246) 

Available data mdicate that hquid paraflSn, or mmeral oil, hinders the absorp- 
tion of vitamins D, E and K Smith and Spector (381) observed that rats on a 
non-rachitic diet developed nckets if as much hquid paraffin was added to their 
food as would correspond to the amount taken by man for constipation Five 
times the normal reqmrements of cod hver oil were reqmred to counter-balance 
the effect of this amount of hqmd paraffin Similar results were obtamed for 
vitamins E and K (10, 25, 41, 122, 228) 
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Although data are lacking for hypovitaminosis D and E, hypoprothrombinemia, 
the chief manifestation of hypovitarmnosis K, has been observed for a number of 
gastro-mtestinal diseases and subsequent to short-circuiting surgical procedures 
Vitanun K deficiency may result from excessive vomitmg and loss of succus en- 
tencus from a dramage tube In conditions associated with chrome and severe 
diarrhea, food is humed through the mtestme, so that absorption of vitamin K, 
and of other vitamins for that matter, is impaired (69) Hypoprothrombmemia 
has been observed m cases of ulcerative cohtis (35, 326), regional enteritis, m- 
testinal obstruction, Banti’s disease, gastrocohe fistula, enteroanastomosis,ileao 
enterostomy, mtestmal neoplasm, polyposis coh, and those diseases m which fat 
absorption is particularly impaired, such as tropical sprue, idiopathic steator- 
ihoea, cehac disease, and chrome diarrheas in general 
B Waiei soluble vitamins Absoiption of water soluble vitamins may be un- 
paired by factors resultmg m anatomic, chemical or physiologic changes in the 
gastro-mtestmal tract (30) These changes are mediated by reduced absorbmg 
surfaces, altered secretions and hypermotihty, and further modified by various 
alkalis, adsorbents and lubneants mtroduced by mouth Vitamin Bi may escape 
absorption from the mtestme m certam digestive disturbances such as vomitmg, 
diarrhea (100), alterations of the gastro-mtestmal mucosa (ulcerative cohtis) 
(240), and defective secretion due to atrophy, inflammation, and neoplastic dis- 
ease Operations designed to short circmt the mtestmes (422), mtemal and ex- 
ternal fistulae and strictures will also lead to diminished absorption (20, 436) 
Available evidence mdicates achlorhydna may impair the absorption of vit amin 
Bi (143, 297) Absorption may also be unpaired by various adsorbents such as 
alununum hydroxide and kaolm 

In general, the factors referred to above apply to other water soluble vitamins 
as well Diarrhea has been a causative factor m the production of riboflavin 
deficiency (31, 68, 364), pellagra (11, 31, 64, 68, 389, 436), and scurvy (3, 451) 
Frequent reports have appeared on the development of pellagra secondary to 
lesions such as caremoma, duodenal ulcer and a malfunctiomng gastro-entenc an- 
astomosis which obstruct the stomach and duodenum, and similar reports are 
available for mtemal and external fistulae (436) 

It has long been known that patients suffermg from gastro-mtestinal diseases 
excrete subnormal amounts of vitamm C m their urme This has been attn- 
buted m the past to a low mtake resultmg from a restneted diet, but the work of a 
number of mveshgators suggests that defective absorption may be a more impor- 
tant factor m some cases Underabnormal conditions of the gastro-mtestmal 
tract associated with abnormal bowel motihty (catharsis, diarrhea, ulcerative 
cohtis) marked losses of vitamm C taken by mouth may occur Thus, these 
conditions are frequently severe enough to decrease the blood level of vitamm C 
as well as the excretion m the urme, even when large amounts of the vitamm are 
given by mouth (301) Available evidence mdicates that absorption of vitamm 
C may be impaired m achlorhydna (6, 451) 

C Minerals Absorption of calcium is governed chiefly by three factors 
(1) "Vitamm D, (2) the hydrogen-ion concentration withm the mtestme and (3) 
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other substances in the diet The exact mode of action of vitamin D is not known 
However, although its chief effect may be exerted in the intermediary metabolism 
of phosphorus and calcium and m their disposition in the bones, there is httle 
doubt that this factor, in physiologic dosage, plays an important r61e m favonng 
absorption of calcium from the mtestine Factors interfering with the ahsorp 
tion of vitanun D may thus mdirectly contribute to an impaired absorption of 
calcium 

Under conditions of normal gastnc acidity, compoimds of calcium with weak 
orgamc acids are converted mto the chlonde and, if retamed m the stomach for a 
sufficient penod, even the less soluble basic phosphate may go mto solution The 
acidity of the duodenum is of considerable importance for the adequate ahsorp 
tion of calcium Normally, it ranges from pH 2 3 to 7 0, and this factor largely 
detennmes whether calcium is primarily m the form of the acid or the basic 
phosphate Smce the acid phosphate is the more soluble, a high acidity tends 
to facihtate absorption of calcium Calcium chlonde and acid phosphate are 
probably absorbed from the duodenum before the gastnc acidity is neutrahred 
and, subsequently, contmued absorption may be favored by the formation of or- 
gamc acids (carbomc and lactic) (62, 363) Factors which tend to decrease the 
acidity of the duodenum will tend to impair absorption of calcium Achlorhy- 
dna and the administration of alkahmang agents are of particular importance 
m this regard 

Calcium absorption may be unpaired by a number of substances commonly 
mgested m our diet The oxalate content of oiu foods is a case m pomt Spin 
ach. New Zealand spmach, Swiss chard, beet tops, lambs quarters, poke, purslane 
and rhubarb leaves contam, on a diy weight basis, as much as 10 per cent oxahc 
acid (for the most part m the form of its salts) Traces of oxahc acid are also 
found m many other fruits and vegatables (267) Fmcke and Sherman (144) 
showed that when rats were fed diets contaming 0 33 per cent calcium, half of 
which was supphed by milk and half by spinach, only 40 per cent of this calcium 
was deposited m the hones of the growmg'ammals, whereas when the spmach 
was replaced by kale (an oxalate-free leafy green), the deposited calcium rose to 
80 per cent Kohman (258) later reported similar findmgs and showed further 
that a diet which was satisfactoiy m calcium for growth could lead to injury by 
the addition of oxalate-contaimng leafy greens However, if enough calcium 
were added to the defective diets they agam became innocuous There seems to 
be no doubt that oxalates do interfere with efficient calcium utilization Whether 
this mterference leads to a deficiency depends upon the oxalate and calcium con- 
tents of the diet 

Phytic acid is another substance commonly present m our diet whose inges- 
tion may interfere with the absorption of calcium Some twenty years ago, 
Mellanby (293) made the important observation that the addition of certain co- 
reals to diets low in calcium led to severe nckets m growing animals Subsequent 
work (52, 201, 221, 294, 412) has demonstrated that mositol-hexaphosphonc acid 
(phytic acid) was the substance present in cereals responsible for this rachitogemc 
effect Sodium phytate is sunilarly rachitogemc, although phytin (the Ca-Mg 
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salt) IS without effect The rachitogemc effects of phytic acid or its sodium salt 
are counteracted by calcium Apparently, phytic acid mterferes with the ab- 
sorption of calcium, either by precipitation or by convertmg it into a non-iomzed 
form which is not absorbed from the intestme As in the case of 0 '?alates, 
whether this mterference leads to a deficiency depends upon the phytic acid and 
calcium content of the diet 

Normal nutrition depends more upon an adequate mtake of both calcium and 
phosphorus than upon the calcium/phosphorus ratio, the latter, however, ac- 
quires more sigmficance as the absolute values for either element approach the 
miniTn iirn requirement levels An excessively high phosphorus mtake tends to 
inhibit absorption of calcium, espeaally if the latter is supplied in insufficent 
amounts A similar inhibiting effect is apparently exerted by an excess of Mg 
and of K- Diets unusually high m fat ma 3 ’^ tend to inhibit absorption of calcium 
from the mtestme, due to the formation of insoluble calcium soaps A similar 
situation has been observed in cehac diseases, sprue and so-called “idiopathic” 
steatorrhea due to impaired mtestmal absorption of fats and the resulting forma- 
tion of relatively insoluble calcium soaps Inadequate absorption may also re- 
sult from protracted diarrhea, due to the rapid passage of intestinal contents ^ 
through the bowel (201) 

Absorbon of phosphorus is diminished by factors which favor the formation of 
poorly soluble salts of phosphoric acid This can be demonstrated strikingly by 
experimental admimstration of berylhum which, throu^ the formation of insol- 
uble berylhum phosphate, prevents absorption of phosphoric acid and results m 
a characteristic form of nckets (180) Sumlar inhibition is produced, to a much 
smaller degree, by an excess of other cations, such as calcium, strontium, man- 
ganese, magnesium, banum, alummum and thalhum Waltner (429) showed 
that nckets could be produced m rats by the addition of soluble iron salts to a 
non-rachitogemc diet, a finding confirmed by Brock and Diamond (61) Severe 
phosphorus depletion was produced m young chicks by Deobald and Elvehjem 
(104) who treated their normal ration with soluble iron and aluminum salts equiv- 
alent to 0 6 and 0 76 per cent of the theoretical amount required to combme with 
the dietary phosphorus as FePO« and AlPOi Normal bone ash values of 50 to 60 
per cent were reduced to 26 per cent The latter mvestigators warned that the 
cluneal usage of very high doses of iron m the treatment of anemia imght se- 
nously mterfere with phosphorus utilization 
A number of factors may contnbute to an impaired absorption of iron (186) 
The relatively high pH m the duodenum facihtates the formation of insoluble 
basic iron compounds The alkalini ty of pancreatic jmee and the relative insolu- 
bihty of iron salts of bile acids probably mterfere with the absorption of iron 
Absorption appears to be hampered by the absence of free HCl and of bile and 
13 also influenced unfavorably by a dminis tration of alkalis It has been shown 
by Brock and Diamond (51) and others that phosphates have a deleterious effect 
on the absorption of iron, probably because of the precipitation of feme phos- 
phate Absorption of iron is probably decreased by diarrhea and inflammation 
of the gastro-mtestinal tract, but conclusive evidence is lackmg Absorption 
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may also be decreased by phytic acid (278) Hahn, Bale and Whipple (187) 
have recently reported still another factor that may seriously interfere TOth iron 
absorption These investigators demonstrated that inflammation following the 
mjection of turpentme m the subcutaneous tissue of dogs markedly reduced the 
absorption of iron from the gastro-intestinal tract Subsequent to abscess heal 
mg, the rate of absorption returned to normal 
D MtsceUaneous Carbohydrate, protem and fat are present m the diet 
largely as complex foodstuffs which must be broken down to their respective 
monosaccharides, ammo acids, and fatty acids before adequate absoiphon 
may occur Factors mterfenng with digestion wiU tend, therefore, to impair 
absoiption The diarrheal diseases are a case in pomt In cobtis, dysenteiy, 
mtestmal parasitism, mtestinal tuberculosis, sprue and pellagra, food is rushed 
through the mtestinal tract so rapidly that httle tune is left for digestion, solution 
and absorption The digestive secretions may be altered m amount and kind 
In theory, this might be expected to be a senous cause of malnutrition, in practice, 
however, such is not the case In spite of the high specificity of the digestive 
enzymes, the body is not entirely dependent on any smgle source for digestion. 
Thus, such radical measures as complete gastrectomy, removal of the duode- 
num, removal of the pancreas or of parts of the small mtestme do not senously 
mterfere with the degree of digestion On feeding large amounts of certam foods, 
some derangement of digestion may be demonstrated under the foregomg cir- 
cumstances, but the degree of digestion that does occur is impressive A more 
senous cause of inadequate absorption would be an impairment of the absorbing 
surface of the gut, present m a number of conditions, mcludmg chrome ulcerative 
cohtis, sprue, and posably food allergy 
Digestion and absorption of protem may be impaired by a number of factoiB 
in addition to those listed above Recent work mdicates that the pH 4,2-6olu- 
ble, acetone-insoluble fraction of raw soybeans has a growth-ietardmg effect on 
both chicks (191) and rats (266) Inasmuch as Ham and Sandstedt (190) and 
Bowman (42) demonstrated the presence of a tiypsm inhibitor m the pH 4 2-solu- 
ble fraction of unheated soybean flakes, the cjuestion of the identity or non-iden- 
tity of the trypsm inhibitor with the growth inhibitor reported above is veiy much 
to the fore Since both are present m the acid-aoluble fraction of raw soybean 
protem, the two may be identical Evidence is available that the digestibihty 
of mdk protems may be decreased by the administration of cocoa (273, 314) 
Norm^ absorption of carbohydrate does not occur if there is an antenor pitiu- 
tary deficiency This probably depends for the most part upon the secondary 
hypofunction of the thyroid gland, for the same result may be obtained after re- 
moval of the thyroid gland when the hypophysis is mtact Furthermore, the de- 
fect m absorption accompanymghypopitmtansm may be reheved by the admin- 
istration of thyroid extract (351) The adrenal cortex mfluences carbohydrate 
absorption throu^ its regulation of the sodium chlonde exchange m the body 
The absorption of carbohydrate from the mtestme is subnormal m adrenal corti- 
cal deficiency, but can be restored to normal without the use of adrenal cortical 
extracts if the sodium chlonde of the blood is raised to normal levels by adequate 

salt intake (13) 
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Faciors Causing Deslruclton or Inaciivation of Vitamins Several of the water 
soluble vitamins are readily destroyed or inactivated m the gastromtestmal tract 
pnor to absorption Melmck, Robinson and Field (297) have demonstrated that 
thianune was stable m gastric juice over a pH range of 1 5 to 8 0 but m a more 
alkahne pH the vitamin was readily destroyed When antacids were added, de- 
struction of thiamine was complete In patients with achlorhydria significant 
destruction of thianune may occur in the gastric jmce (267) or further along the 
gastromtestmal tract where the vitamm comes m contact with the bile or pan- 
creatic jmces (143) Melmck and co-workers (296) have shown that when an 
oral dose of vitamin Bi is taken by a normal subject, a much smaller fraction is 
excreted than when the same dose is mgested durmg or just after a meal The 
difference may be due to the instabdity of the vitamin m a more alkaline gastro- 
mtestmal tract when gastnc secretion is at a minimum Alt, Chinn and Fanner 
(12) obtamed a 65 per cent destruction of ascorbic acid m three hours at a pH of 
7^5, representmg achlorhydnc gastnc jmce Vitamm E may be destroyed dur- 
mg digestion m the presence of rancid fats (284, 285, 291) Destruction of caro- 
tene has s imilar ly been reported (374) 

Certam foodstuffs contam substances that may destroy or inactivate B vita- 
mins A number of workers have demonstrated that carp, pike, smeltmnd other 
raw fish when mixed m the diet of foxes precipitate a condition known as Chastek 
paralysis (168, 169, 217, 320) The animals develop anorexia, followed m a few 
days by weakness, hyperesthesia, ataxia and death At autopsy, bilaterally sym- 
metncal lesions are found m the grey matter of the bram, mainly m the paraven- 
tricular region and similar, pathologically, to the cerebral lesions of Wernicke’s 
hemorrhagic poho-encephahtis of man (8, 136) The condition is preventable or 
curable by administration of thianune (169) and is identical to that observed m 
adult Sliver foxes fed a diet deficient m vit amin Bi (217) Subsequent work has 
demonstrated that Chastek paralysis is due to a thianune deficiency resultmg 
from the destruction of this vitamm by a heat labile ensyme-hke substance (sub- 
sequently termed “thiammase”, (295), present mainly m the viscera, head, skm 
and scales of certam fish (38, 105, 169, 259, 295, 366, 367, 390) Thianune defi- 
ciency has been observed m cats fed an exclusive diet of raw carp or hernng (377) , 
and Melmck et al (295) report a 50 per cent destruction of dietary thianune m 
persons fed diets contairung raw clam Putney (336) had recently reported the 
presence of an anti-thianune factor m raw meat Still another thianune-de- 
strovmg factor has been reported by Bhagvat and Devi m certam cereals, legumes 
and oil seeds (39) The properties of the factor mdicate that it is not an enzyme 
and therefore not identical to the substance responsible for Chastek paralysis 
When 50 nucrograms of thiamine were added to 50 cc of a buffered (pH 5 6) 10 
per cent suspiension of nee polishings, ragi, wheat germ, cottonseed, hnseed, and 
certam other seeds, as much as 90 per cent of the thianune was destroyed over- 
mght In certam cases, after only seven nunutes of treatment, as much as 75 per 
cent of added thianune had disappeared Thianune deficiency may also be m- 
duced by the feedmg of hve yeast (318) In the latter instance, however, the 
effect IS beheved due to the withholdmg of the Mtanun from absorption rather 
than direct destruction 
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Certain strains of bactena appear to be able to decompose vitamm C in vitro, 
but whether they exert this effect m the mtestme is open to question Stepp 
(394) and Einhauser (121) have shown that strains of E colt and B paralyphosus 
were capable of destroying vitamin C Kendall and Chinn (249) found that cer- 
tarn bactena, isolated from the stomach and mtestmal contents, were able to fer- 
ment the vitamm, and Young et al (455, 466) demonstrated that numerous 
strains of entenc organisms, mcludmg E coli. Salmonella, EbertheUa, inieslind 
streptococci, vibrios, and Proteus morgagm could decompose vitamm C While 
normally this may be of no sigmficance, m some pathological conditions it might 
account for a clmical deficiency of vitamm C, even m cases where mtake is ade- 
quate Thus cases of clmical scurvy have been reported which failed to respond 
to oral ascorbic acid therapy, although recoveiy was rapid followmg parenteral 
administration 

Biotm deficiency is another condition that may be mduced by the mgestion of 
certam foods Raw egg white contains a substance capable of combimng 
stoichiometncally with biotm and rendering it unavailable to the oigamsm, pre- 
sumably by preventmg its absorption from the gastro-mtestmal tract (183) The 
isolation and properties of this matenal, a protem subsequently termed avidin, 
has been described (448), and its crystallization and analysis effected (330) 
Avidm 16 denatured by heat and its abihty to bind biotm lost This explains why 
raw egg white inactivates biotm physiologically, but cooked egg white does not 
Cunously enough, the avidm-biotm complex cannot be broken down by the gas- 
tro-mtestmal enzymes, yet it can be utilized if mjected (182) There is some 
evidence that biotm can also be mactivated by rancid fats (328) 

Factors Interfering with Utilization As pomted out by Kruse (260) malnutn- 
tion denotes a deficiency of essential nutnents m the tissue cells rather than in the 
diet Any factor mterfermg, therefore, with the utihzation of an essential nutn- 
ent may precipitate a nutntional deficiency despite the composition of the diet or 
the adequacy of digestion or absorption The subject has been extensively re- 
viewed by Jolhflfe (237) and more recently by Hickman and Hams (213) It is 
obvious that before a nutnent can be employed by the body it must be trans- 
ported from the mtestmal wall subsequent to absorption to the fimctional body 
sites This journey reqmres a earner For the fat-soluble vitamins, however, 
the earner must be a specialized adjunct of the vitamm and necessaiy for its 
proper distnbution — for instance, a suspended lipide or a phosphohpide or pro- 
tem complex In the absence of sufficient hpide earner according to Hickman 
and Hams, the efficiency of conveyance may be depressed (213) Failure of 
utihzation may also result from an mterference with the mechanism of acceptance 
(213) Certam tissues have an affimty for specific nutnents and can accept or con- 
centrate them from blood or lymph pnor to use The concentration of lodme by 
the thjTOid gland is a case m pomt (194, 210) Further examples may mclude 
the concentration of vitamm C by the adrenals (463), of vitamm A by the hver 
(426), of vitamm E by heart muscle and mammary gland (290) or of nboflavm 
by hver and kidney (424) If the mechanism of acceptance isfaulty, the efficiency 
of utihzation will be unpaired 
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Failure of utilization, may also result from inadequate conversion of essential 
nutrients mto active physiological components, m which form they participate m 
body metahohsm Thus carotene must be converted mto vitamm A, thiamine to 
cocarhoxylase, nboflavm to flavoprotem, and mcotimc acid to coenzymes I or II 
Smce the hver is considered to be the pnncipal organ m which these conversions 
occur, hepatic dysfunction due to cirrhosis or other conditions may manifest it- 
self as a nutrition'll deficiency of the tissue cell The high frequency of nutn- 
taonal disease m alcohohcs maj be due m part to hepatic dysfunction m such 
cases A tissue deficiency of vitamm A has been reported m hver cirrhosis (188, 
337, 338), diabetes melhtus (44) and obstructive jaundice (396), presumably due 
to unpaired conversion of carotene to vitamm A, and surular effects hai’e been 
observed m hypothyroidism (263, 442) Accordmg to Wendt (430), thyroid is 
necessary for the conversion of carotene to vitamm A and for the storage of vita- 
mm A m the hver, a findin g m agreement with the observations of Wohl and 
Feldman (442) Deficiency of protem is another factor that may contnbute to 
poor utihzation of niitnents Trufanov (420) found that synthesis of flavm- 
adenme-dmucleotide failed to occur m the hver and tissues of rats fed for 50 daj'B 
on a low-protem diet, although when an adequate diet was subsequently fed, a 
marked synthesis of dmucleotide took place both m hver and muscle tissue 
Therapy with sulphonamides and other drugs may also mterfere with utilization 
of B vitamms West (432) has shown that sulphapyndme inhibits the activity 
of mcotmic acid m the dog, although similar results were not obtamed m man 
(237) Evidence is available mdicatmg that radiation sickness may be due to 
failure of coenzyme formation from thiamme (32, 226, 288, 428) or mcotmic 
acid (32) 

A number of workers have demonstrated that calcium utihzation may be ad- 
versely affected by the mgestion of large amounts of magnesium As far back 
as 1905 Malcolm observed an mcreased calcium excretion m dogs fed magnesium 
chlonde Eight years later. Hart and Steenbock found that magnesium chlonde 
and magnesium sulfate fed to swme caused an mcreased excretion of urinary 
but not fecal calcimn Soluble phosphates fed with the magnesium, however, 
decreased the loss of urinary calcium with scarcely any mcrease m the fecal frac- 
tion Similar results were found m cattle by Palmer et al (327) Cunnmgham 
(89) observed a reduction m bone calcium of rats fed magnesium as the sulfate or 
carbonate salt, a findmg m agreement with that of Buckner et al m chicks 
These findmgs did not occur when magnesium phosphate was the salt adminis- 
tered (55) Evidence is available mdicatmg that the utilization of calcium as 
well as phosphorus and protem may be impaired by the mgestion of certam 
brands of cocoa (309, 314) 

Administration of inhibitory structural analogues of the vanous vitamins 
constitutes another factor that may impair the utihzation of nutrients with a re- 
sultant deficiency m the tissue ceU This deficiency may occur m spite of the 
level of vitamms fed provided, of course, sufficient amounts of analogue are ad- 
ministered The subject has been extensively reviewed by Robhn (346) and 
WooUey (445) The most popular hypothesis to explam why analogues exhibit 
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competitive antagonism with an essential metabohte is that the two compounds 
vie for space on a portion of an enzyme normally engaged with the metabolite 
If the concentration of the inhibitor is great enough m comparison to that of the 
metabohte, the latter is displaced, and the biological system is thereby depnved 
of it The net result is the precipitation of a deficiency characteristic of the struc- 
turally related metabohte and reversible by the administration of adequate 
amounts of the appropriate vitamm To date, inhibitory structural analogues 
have been synthesized for thiamine (387, 450), nboflavm (125, 126, 262, 443), 
mcotrmc acid (444, 449), pantothemc acid (261, 281, 383, 384, 446), biotm (106, 
128, 272), p-ammobenzoic acid (206, 346), ascorbic acid (447) and vitamm K 
(298, 325) 

Factors that Increase Excretion A number of factors such as polyuna, lacta- 
tion, excessive perspiration or administration of therapeutic agents may contrib- 
ute toward malnutrition by mcreasmg the ehmmation of essential nutrients from 
the body Although such factors are unlikely to be the primary cause of tissue 
deficiency, they may nevertheless accentuate existmg deficiencies or speed up the 
appearance of symptoms on an madequate diet CowgiU et al (81, 83) have 
shown that, on a restricted thiamme mtake, sjmptoms of deficiency appeared 
earher m dogs receivmg a forced fluid mtake than m animftlR permitted to dnnk 
ad libitum The forcmg of flmds for prolonged penods of time m certam urinary 
tract infections or the loss of flmds by diuresis m anasarca may have a similar 
effedt m man Polyuna as present m diabetes melhtus or diabetes insipidus may 
also result m mcreased excretion of thiamme and other water soluble nutnents 
(237) Lactation may senously deplete body stores of essential nutnents Loss 
of calcium is of particular importance m this regard, (225, 286) although a sigm- 
ficant loss of B vitamins (137, 398), ascorbic acid (28, 150) and protein (283) also 
occurs Data are available mdicatmg that excessive perspiration may result in 
appreciable losses of thiamine from the body, particularly under tropical con- 
ditions or m subjects domg heavy manual work m a hot environment (78) Other 
mvestigators, however, have found that the thiamme, nboflavm, pantothemc 
acid, mcotmic acid and ascorbic acid content of sweat was virtually neghgible 
(197, 233, 302, 360, 413, 452) A significant excretion of sodium chlonde may 
occur as a result of excessive perspiration (406) 

Vanous drugs commonly employed as therapeutic agents may increase the ex- 
cretion of vitamm C Sahcylates, atropine, aspirm, cmcophen, barbiturates, 
amidopynne, antipyrme, adrenalme, chloroform, chloretone, paraldehyde, the 
commoner anesthetics, stilbestrol, estradiol, and sulfonamides all mcrease ex- 
cretion of vitamm C (37, 138, 218, 242, 248, 275, 303, 304, 341, 353, 370, 402) 
Certam foodstuffs have a similai effect Basu and Bay (27) report that mgesbon 
of cabbage extract resulted m a vitamm C excretion temporarily greater than the 
mtake, and Musulm et al (317) found that oats and certam fractions of hahbut 
hver oil exerted a similar effect According to Selkurt et ol (370) the mcreased 
excretion of vitamm C, at least that following admmistration of estrogens, was 
due to changes m renal tubular absoiption Increased unnoiy' excretion of 
other xitamms has also been reported The excretion of thiamme is consider- 
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ably increased by the administration of mercurial diuretics such as mercuro- 
phylhne (439), an mcrease that is not due entirely to mcreased diuresis, smce the 
concentration of thiamine in the unne is several tunes greater than normal Over 
short penods sahcylates may also mcrease urinaiy thiamme excretion, although 
output IS subsequently reduced (71) Sure (399) has reported an mcreased urm- 
ary excretion of nboflavm m the thiamine deficient rat An mcrease of urmary 
riboflavm has also been observed m experimental hyperthyroidism (400) Sigm- 
ficant losses of vitamm A may also occur Vitamm A is never excreted by the 
kidneys of man m good health, except possibly as a breakdown product (416), 
but it may appear m the urme durmg illness, bemg found frequently and m the 
highest concentrations m pneumoma A daily output of 3,200 I U has been re- 
corded, which ceased abruptly with the crisis (266) In chrome nephntis vita- 
nun A IS common m the urme, though m smaller amounts than m pneumoma 
Still smaller amoimts have been reported m chrome infections, rheumatic fever, 
skm diseases, pernicious anemia, asthma, cancer and normal pregnancy (266) 
The effects of magnesium salts on calcium excretion have already been reviewed 
A significant loss of calcium may occur m hyperthyroidism and hyperparathy- 
roidism An mcrease in the urmary excretion of calcium and phosphorus has 
been reported foUowmg fracture (222) 

Excessive loss of protem may occur m a variety of conditions for example, 
after hemorrhage (56, 127, 311), operations and mjunes (63, 93, 94, 223, 224, 316), 
gastro-mtesbnal obstruction (73, 184, 282) or bums (74, 87, 408, 409) Diseases 
charactenzed by chrome bleedmg (ulcers, mtestmal caremomas, utenne fibroids, 
etc ) may precipitate hypoprotememia by depletion of plasma proteins through 
prolonged blood loss Excessive protem loss through protemuna resultmg from 
kidney disease (139, 250, 268, 332) or other causes (63) exacts a severe toll upon 
plasma proteins and may deplete body protem reserves Injury to blood vessels, 
through mechamcal or chermcal means, or as a result of severe bums, may so alter 
cell permeabihty as to permit loss of blood proteins through exudation (79, 216, 
276) In the same manner contmuous drainage of pus (as m pentomtis, osteo- 
myehtiB, etc ) represents an additional pathway for the loss of protem material 
(333) Damage resultmg from surgery may cause not only alterations m cell 
permeabihty, peimittmg leakage of proteins (80), but actual breakdown of tissue 
protem, as well as severe hemorrhage, thereby contributmg significantly to pro- 
tem loss Loss of mtrogen resultmg from breakdown of body protem is parti- 
cularly marked m patients with fractures (93, 94, 223, 224), memngococcus men- 
mgitis (178), or durmg the febrile stage of most acute infections Interestmgly 
enough, m such cases negative mtrogen balances are not appreciably modified 
by mcreasmg dietary protem nor by supplementing diets with mtravenous m- 
jections of protem hydroljaates (333) Ammo acids may be lost to the body m 
the form of proteoses or closely related substances which are frequently found m 
the urme m certam febnie disorders, particularly pneumoma, diphtheria and 
pulmonary tuberculosis, as well as m peptic ulcer, caremoma and osteomalacia 
(63) An mcrease m the ammo acid content of the urme may occur m conditions 
m which hepatic function is unpaired or those charactenzed by extensive tissue 
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autolysis High figures are obtamed m acute yellon atrophy of the hver, ec- 
lampsia, and in chloroform, phosphorus, cmcophen, arsemc and carbon tetrachlo- 
nde poisoning Under such circumstances, leucine, tyrosme, glycme, aigmine, 
phenylalanme and other ammo acids may appear m the unne m large quantities 
Urinary ammo acids are also increased in conditions associated mith e\cessive 
tissue wastmg as m protracted fevers (typhoid) (63) In addition to the general 
loss of ammo acids reported above, specific amino acids, or products of their me- 
tabolism, may appear m the unne m certain pathologic conditions Tyrosme, for 
example, may be excreted m the unne m amounts of 0 9 to 2 0 grams daily m 
cases of acute hepatic necrosis (271) lyrosmuna may occur in the presence of 
extrahepatic foci of autolysis, as in degeneratmg lung tumors or extensive slough 
mg of the skm To a lesser extent it may occur m subacute atrophy of the liver, 
toxic hepatitis, and, on occasion, m prolonged calculous obstructive jaundice 
(63) Tyrosmuna may occur as an “mbom error of metabolism” (151) Other 
“inborn errors of metabolism” mclude cystmuna, m nhich 0 4 to 1 0 gram daily 
of cystmc may be lost m the unne and alkaptonuna, charactenzed by the unnary 
excretion of homogentisic acid, due to an abnormahty m the mtermedisry metab- 
ohsm of phenylalanme and tyrosine Homogentisic acid has also been found m 
the unne of normal subjects given tyrosme and a diet deficient in vitamin C, 
disappeanng after administration of the vitamm The latter, however, has no 
effect upon chmeal alkaptonuna (366, 368) Phenylpyruvic acid has been found 
m the unne of certain patients with mental deficiency and manifestations of 
extrapyramidal system disturbance (147, 229) The condition is apparently 
due to impairment of the metabohsm of phenylalanme P-hydroxyphenyllacbc 
acid and p-hydroxyphenjdpyruvic acids have been found m the unne of prema 
ture infants fed diets of vitamm C-free cow’s milk contammg 5 grams or more of 
protem per kilogram Tliese substances disappeared after administration of 
vitamm C (269) Histidmuna has been observed both m males and females, m 
health and disease (421) The condition is particularly pronounced dunng preg- 
nancy, where it appears about the fifth week of gestation, coincident inth the 
appearance of unnary prolan, and disappears rapidly following partimtion (244, 
245, 425) 

Factors Increasing Body Requirements (Stress Factors) Body requirements 
for essential nutnents may be increased by physical exertion, fever, drugs, toxins, 
abnormal environmental conditions, pregnancy, lactation, hyperthyroidism, and 
related conditions These constitute what are referred to as “stress factors” m 
the present review and may be defined as any condition resulting m an increased 
metabohe requirement for an essential nutnent on the part of a tissue cell Such 
nutnents may be employed for purposes of detoxification or they may be used in 
the increased metabohsm of specific tissues The net result, hovever, is that 
nutntional reqmrements are increased beyond the usual or average range 

A Increased metabolism Evidence is available indicating that the require- 
ment for many nutntive essentials is proportional to the metabohe rate Accord- 
mgly, body reqmrements may be elevated m conditions tnth an increased B M R 
Buch ^ hyperthyroidism, toxic adenomata and mabgnancy of the thyroid gland, 
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diabetes insipidus, fever, cardiorenal disease ivith dyspnea, severe anemias, 
diabetic pseudodwarfism, leukemia and polycythenua Considerable work has 
been reported on the mcreased reqmrements of pjTexia, particularly for vitamm 
C Chmcally diminished urmary excretion and reduction m the blood level of 
vitamin C occurs m a number of infections, mcludmg pneumoma (339), diph- 
theria (264, 323), osteomyehtis (1), rheumatic fever (2, 345), rheumatoid arthntis 
(189, 343, 344), tuberculosis (230, 403) and others (140, 141, 198) Faulkner and 
Taylor (140, 141) found that whereas the average vitanun C content of the blood 
serum of healthy persons averaged 1 31 mgm per 100 cc , patients with infectious 
diseases had values as a rule fifty per cent lower or about 0 65 mgm per 100 cc 
Exammation of the vitamm C reserves of the body (blood, urme, sahva, cerebro- 
spinal flmd) revealed that in pulmonaiy tuberculosis, pneumoma, diphthena, and 
febrile diseases generally the concentration of vitamm C was low as compared 
with normal standards (22, 23, 57, 58, 203, 205) Similarly, a comparison of the 
vitamm C content of the organs of experimental animals suffenng from infections 
such as diphthena and tuberculosis with those of healthy controls revealed that 
vitamm C stores were significantly reduced m the infected animals (156, 198, 
417) The question naturally arises as to whether the mcreased utihzation of 
vitamm C m febrile diseases is due to elevation of body temperature or to the 
infectious process per se Reductions m the serum level of vitamm C m artificial 
pyrexia suggest that elevation of body temperature was the responsible agent 
(19, 102, 107, 204, 457), presumably by mcreasmg metabolism (fever m- 
creases basal metabolism by approximately 7 2 per cent for each degree 
F ) (112) Osborne and Farmer (324), however, failed to confirm these find- 
mgs They found no significant change m the vitamm C blood level 
before or durmg pyrexia m patients submitting to temperatures of 102 
degrees F m fever cabmets Abt and co-workers ^4) also concluded from 
studies on scarlet fever, rheumatic infections and diphthena that pyrexia alone 
does not affect the vitamm C reserves or utihzation Reduction of the serum 
level of vitamm A m febrile states has been observed durmg infection and arti- 
ficially produced pyrexia (48, 70, 388, 414) Available data mdicate, however, 
that such effects are more likely due to unpaired hberation of vitamm A from the 
hver to the blood than increased utihzation May et al (292) report a sponta- 
neous rise m the vitamm A level of the blood after fever abatement without any 
vitamm A bemg taken, and similar results have been observed for typhus fever 
(142), rheumatic fever (371), and pneumoma (241) The effects of fever m pre- 
ventmg absorption of vitamm A and A-active carotenoids have previously been 
reviewed (70, 211) Schaefer (361) has reported an mcreased iron reqmrement 
durmg the febrile stage of infection m children, but whether a similar effect would 
occur m artificial pyrexia has not been detennmed 
Evidence is available that strenuous physical exertion, particularly if contmued 
for prolonged periods of tune, wiU mcrease body requirements for various nutri- 
ents The pnmarj need is for more calories, a pomt recogmzed smce antiqmtv 
but placed on an exact basis by the work of Atwater and Benedict (21) and others 
(34, 112, 379) Christensen et al (67) have found that durmg calonc restnction 
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(fasting) pronounced physical exertion may result in considerable detenorafaon 
in a penod as short as two days Under such circumstances even a smgle meal 
containing only a fraction of the day’s requirements will result m significant im- 
provement (148) The marked increase of metabolism dunng strenuous physical 
exertion (112) and the consequent mgestion of larger amounts of food both serve 
to mcrease body requirements for vitamm Bi (81) In this regard, CowgiU et al 
(84) have pointed out that the length of time required for dogs to develop ano- 
rexia on a vitamm B deficient diet was one-third to one-half less m dogs permitted 
to exercise each day than m those who were not, and Guerrant and Dutcher (179) 
have similarly observed an mcreased thiamme reqmrement subsequent to exer- 
cise m the rat Crrcumstantial evidence mdicates that a similar relationship 
pertains to man Thus Egan (119) reports that m an epidemic of benben on 
shipboard, the stokers were affected more seriously than the sailors m the ratio of 
34 to 3, an effect that may have been due to the greater physical exertion of the 
former and the resultmg higher food consumption Similarly m the hterature 
of benben, epidemics m Japan, Burma, Siam and elsewhere a great preponder 
ance of benben is noted m males This, agam, may be due m part to the harder 
physical work to which men are customarily subjected The high mcidence of 
thiamme deficiency observed m the past m mental hospitals among patients with 
dehnum or mama may have been due m part to a greater requirement, resulting 
from mcreased psychomotor activity and a corresponding elevated metabohc rate 
(437, 438) Recently, the subject has been attacked experimentally in man 
Egana et al (120), Johnson et al (234) and others (18, 24, 438) report that severe 
physical exertion on a diet deficient m the B vitamins greatly hastened the onset 
of symptoms Physical detenoration, accordmg to Johnson et al (234) occurred 
withm one week and could be prevented or cured by the entire B complex 
contammg 0 6 mgm of thiamme daily, but not by 2 0 mgm of thiamme hydro- 
chloride alone, suggestmg an mcreased fequirement not only for thiamme hydro- 
chlonde but other B complex factors as well Diametncally opposite results were 
obtamed, however, by Keys et al (251, 262, 253) who, m the most eareful study 
of the subject so far reported, observed no evidence of physical or psychologic 
detenoration after fourteen days on a diet contammg as httle as 0 16 mgm of 
thiamme, 0 15 mgm of nboflavm, and 1 8 mgm of macm per 1000 calones 
These results, accordmg to Keys (261), "completely negate the claims that im- 
portant effects on work performance occur m a few da}^ or weeks when normal 
young men do very hard work while subsistmg on a diet severely restncted m the 
vitamins of the B complex ’’ Similar experiments extendmg for longer penods 
of tinje are necessary, however, to establish the effects of physical activity on 
thiamme requirements and to determine to what extent strenuous physical exer- 
tion wiU hasten the onset of symptoms on a diet deficient m the B vitaminB 
Available data mdicate that physical exertion does not significantly mcrease body 
requirements for vitamm C Johnson et al (235) observed no adverse effects m 
subjects engaged m manual labor on a vitamin C free diet dunng a penod of eight 
weeks Similar results were obtamed by Crandon et al (85, 86) and others (342) 
for even longer penods, m spite of a blood plasma virtually free of ascorbic acid 
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after the sixth week of feeding Eecent expemnente by Darling et al (101) and 
others (336) confirm the earher finding s of Chittenden (66) that physical exer- 
tion does not mcrease the protem requirement of man 

Requirements for essential nutnents may be significantly mcreased dunng 
hyperthyroidism both m experimental animals and man This may occur m 
exophthalmic goiter, toxic adenoma or mahgnancy of the thyroid gland or from 
the administration of thyroxm, desiccated thyroid or lodinated casern These 
requirements are due, m part, to an mcreased metabolism and food consumption , 
but they also reflect a specific response to the thyroid hormone per ee The sub- 
ject has been extensively reviewed, with particular emphasis on vitamm require- 
ments, m a most thorough manner by Drill (109) An mcreased requirement for 
calcium, protem, and vitamms A and C was observed dunng hyperthyroidism, 
both m experimental animals and man, but the B vitamins apparently were most 
affected (109) As early as 1932 Hlmwich et al (216) found that the “vitamm 
B” requirement was mcreased m the h 3 rperthyroid dog, and similar results were 
soon obtamed for other species (82, 108, 401) In 1938 DnU and co-workers m- 
itiated a senes of experiments on the effects of vitamm Bi and yeast on adult 
hyperthyroid rats that had lost weight They found that further loss m weight 
could be prevented by vitamm Bi alone, but that rats did not regam them mitial 
weight unless a nch source of the vitamm B complex v as also supphed (108, 111) 
Subsequent work has demonstrated that pyndoxme and calcium pantothenate 
could effectively replace the vitamm B complex m the diet of the hyperthyroid 
rat (110) Thus, m addition to vitamm Bi both pyndoxme and pantothemc 
acid are required m mcreased amounts dunng experimental hyperthyroidism m 
the rat 

B Pregnancy and lactatum Pregnancy and lactation constitute two additional 
stress factors which may significantly mcrease body requirements for essential 
nutnents In part, these requirements may be due to mcreased metabolism, 
they also reflect, however, an mcreased utihzation m the formation of fetal or 
placental tissue and mcreased secretion m the form of milk Dunng the early 
penod of pregnancy the basal metabohc rate is mamtamed wi thin normal limi ts 
Dunng the later months, however, the basal metabolism rises and at term may 
reach an average value of plus 30 (280) Some observers beheve this mcrease 
can be entirely accounted for by the metabolism of the fetus, others mamtam, 
however, it is due m part to factors resident m the maternal organism m the 
nature perhaps of mcreased thyroid or pitmtary activity (92, 129) Dunng 
lactation, even higher values are obtamed, due most likely to the mcreased activ- 
ity of the secretmg mammary glands The increased metabohc rate observed 
above is correlated with a correspondmg mcrease m thiamme requirement 
Toverud (418) found that 46 per cent of a group of 114 pregnant women excreted 
practically no vitamin Bi m their unne, and that a daily dose of 4 to 5 mgm of 
thiamine was necessary to obtam an excretion correspondmg to normal non- 
pregnant controls Lockhart et al (274) observed that three tunes as much 
Vitamin Bi were required to produce a urinary excretion peak m pregnant and 
nursmg women as were required m normal controls In agreement with the 
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above, numerous reports are available on the increased incidence and seventy 
of polyneuritis dunng pregnancy and lactation m man and its successful treat- 
ment with vitaimn Bi (9, 319, 440) Evans and Burr (137) found that the 
mirsmg rat required five times its usual amount of vitamm B Available data 
indicate that nboflavm requirements are also mcreased during pregnancy in 
man (43, 114) 

All the evidence pomts to an mcreased reqmrement for vitamm C m pregnancy 
and lactation Blood levels of vitamm C fall progressively throughout pregnancy 
(61, 123, 385, 407, 411) Elmby and Becker-Chnstensen (123, 124) found that 
the serum ascorbic acid level m non-pregnant women was double that of pregnant 
women of the same social class Bucher (339) asserts that pregnancy causes a 
four to six-fold increase in requirements for vitamm C Other workers are more 
conservative but agree requirements are mcreased by at least 100 per cent (149, 
322, 418) Durmg lactation, vitamm C is required not only for the needs of the 
mother but for those of the child, as well Baumann and Rappolt (28, 29) have 
calculated that a nursmg mother secretmg 800 cc ofmilkaday, contamingatleast 
5 mgm of vitamm C per 100 cc , requires a minimum of 50 mgm of vitninin C 
beyond the normal dady requirements Other workers have arrived at sub 
stantially the same figure (123, 418, 435) Protem and calcium requirements are 
also mcreased durmg pregnancy and lactation m man (117, 152) 

C Detoxification In recent years considerable work has been published con 
cemmg the rdle of ammo acids and other nutnents m detoxification By feeding 
substances which are "detoxified'’, deficiencies of glycme, methioiune and other 
nutnents may be produced, correctable by the administration of mcreased a 
mounts of the appropnate nutnent If benzoic acid or one of its salts is admin- 
istered, either parenterally or by mouth, only a part of it is excreted as benzoate, 
the major portion bemg converted to hippunc acid, in vhich form it may be re- 
covered from the unne Since glycine is considered a dispensable ammo acid and 
can readily be synthesized from other components of the diet, it ivas not regarded 
as a nutntive essential and hence a glycine deficiency was not considered prob 
able, at least for the rat Marked inhibition of growth has been observed, how 
ever, m rats fed benaoic acid or its sodium salt on a low protem diet, suggesting 
that glycme requirements for detoxification were not being met and that animals 
were suffenng from a “glycme deficiency” Removal of benzoic acid orsodium 
benzoate from the expenmental ration or the admmistration of mcreased amounts 
of glycine restored normal growth (175, 433) Inhibition of grov th has been ob- 
serv ed following administration of bromobenzene to rats, presumably due to a 
cystine deficiency resulting from the excretion of mercaptunc acid (392, 434) 
Cj-steme, methionine and glutathione were all effective m restonng normal 
growth (392) Growth was sunilarly retarded following the feeding of biphenyl 
or chrj'sene and restored to normal on the addition of methionine or cysteine 
(431) A deficiencv of labile methyl groups has been reported m rats fed diets 
contammg 1 per cent mcotmic acid or its amide The attendant growth re- 
tardation was alienated by methiomne, chohne plus homocy stme or chobne plus 
cystine, but not b\ chohne, cystme or homocyatinc alone (195, 393) 
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Requirements for methionine and other nutnents may be sigmficantly increas- 
ed following exposure to vanous drugs, ch emi cals and other toxic compoimds 
High protem diets have been shown to exert a beneficial influence when adminis- 
tered to experimental animals exposed to chloroform, carbon tetrachloride or ben- 
zene, or vhen administered to animals given toxic amounts of selemum, tnm- 
trotoluene, arsphenamme or mapharsen (164, 181, 299, 362, 382, 386) Following 
the demonstration of the protective action of protem, there was an mtensive 
search for the fraction or fractions chiefly responsible for it Methiomne, and to 
some degree cystme, proved to be most responsible for the above effects hliller 
et al (303) found that methiomne, and to a lesser extent, cj'stme, protected 
against chloroform poisonmg m the protem depleted dog The beneficial effect 
of methiomne has siimlarly been observed following administration of mapharsen 
or exposure to carbon tetrachlonde m dogs (165, 307), 1 , 2-dichloroethane in rats 
and mice (208, 209) and trmitrotoluene and carbon tetrachlonde m man (33, 118) 
The available data mdicate that requirements for methiomne and other ammo 
acids may be significantly mcreased followmg exposure to vanous noxious agents 
The mcreased requirements are due to the use of these amm o acids for detoxifica- 
tion On a low protem diet, insuflicient amounts of such ammo acids may be pres- 
ent to meet the requirements for mamtenance plus detoxification with the result 
that an ammo acid deficiency may develop The effects of such a deficiency vnll 
be particularly marked m the hver cell, smce the hver is the organ where de- 
toxification primarily occurs The hepatotoxic effects of chloroform, carbon 
tetrachlonde and other toxic substances may be explamed therefore, at least m 
part, on the basis of a methiomne deficiency m the hver cell Particularly perti- 
nent m this regard is the similanty of symptoms resultmg from a dietary de- 
ficiency of methiomne with that obtamed on the administration of noxious sub- 
stances reqmrmg methiomne for detoxification It appears further that the body 
will employ nutnents preferentially for detoxification, even at the expense of 
sacnficmg its own tissues to obtam the required matenal A recent report by 
Croft and Peters (87) is pertment m this regard It has been demonstrated that 
the excessive urinary loss of mtrogen followmg severe bums could be checked 
both m the human (409) and the rat (87) by the mgestion of large amounts of 
protem Croft and Peters found that methiomne was equally effective m the 
rat (87) Such data suggest that followmg a severe bum, methiomne is required 
m increased amounts, at least by the rat, that insufficient amounts of thiH ammo 
acid may be available from dietary sources, and that body tissue will be broken 
down to meet the mcreased demand Increased urmarj^ mtrogen is explamed on 
the basis of deainimzation of excess ammo acids and the resulting rise m unnary 
mtrogen excretion 

Detoxification may similarly mcrease body requirements for ascorbic acid 
An mcreased reqmrement for this vitamm has been observed followmg the admm- 
istration of toxic doses of 1-tyrosme (368), gold (96, 354, 369), lead (219, 220, 
287) and arsemc compounds (59, 75, 76, 77, 95, 96, 397, 423), benzene (185, 270, 
300), phosphorus (352), tnchlorethylene, TNT (99), barbiturates (167), an- 
esthetics (115, 266), sulphonarmdes (40, 97, 98), hydrazme (36) and vanous other 
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above, numerous reports are available on the increased mcidence and seventy 
of polymeuntis during pregnancy and lactation m man and its successful treat- 
ment with vitamin Bi (9, 319, 440) Evans and Burr (137) found that the 
nureing rat required five times its usual amount of vitamm B Available data 
mdicate that nboflavm requirements are also mcreased dunng pregnancy in 
man (43, 114) 

All the evidence pomts to an mcreased requirement for vitannn C m pregnancy 
and lactation Blood levels of vitamm C fall progressively throughout pregnancy 
(61, 123, 385, 407, 411) Elmby and Becker-Chnstensen (123, 124) found that 
the serum ascorbic acid level m non-pregnant women was double that of pregnant 
women of the same social class Bucher (339) asserts that pregnancy causes a 
four to six-fold mcreaae m requirements for vitamin C Other workers are more 
conservative but agree requirements are mcreased by at least 100 per cent (149, 
322, 418) Durmg lactation, vitamm C is required not only for the needs of the 
mother but for those of the child, as well Ba umann and Bappolt (28, 29) have 
calculated that a nursmg mother secretmg 800 cc of milk a day, containing at least 
6 mgm of vitamm C per 100 cc , reqmres a minimum of 50 mgm of vitamin C 
beyond the normal daily requirements Other workers have amved at sub 
stantially the same figure (123, 418, 435) Protem and calcium reqmrements are 
also mcreased dunng pregnancy and lactation m man (117, 152) 

C Detoxification In recent years considerable work has been published con 
cermng the r61e of ammo acids and other nutnents m detoxification By feeding 
substances which are “detoxified”, deficiencies of glycme, methiomne and other 
nutnents may be produced, correctable by the administration of increased a- 
mounts of the appropnate nutnent If benzoic acid or one of its salts is admm- 
istered, either parenterally or by mouth, only a part of it is excreted as benzoate, 
the ma]or portion bemg converted to hippimc acid, m which form it may be re- 
covered from the unne Smce glycme is considered a dispensable amino acid and 
can readily be synthesized from other components of the diet, it nas not regarded 
as a nutntive essential and hence a glycme deficiency was not considered prob 
able, at least for the rat Marked inhibition of growth has been observed, how 
ever, m rats fed benzoic acid or its sodium salt on a low protein diet, suggesting 
that glycme reqmrements for detoxification were not being met and that animals 
were suffenng from a “glycine deficiency” Removal of benzoic acid or sodium 
benzoate from the experimental ration or the administration of increased amounts 
of glycine restored normal grou-th (175, 433) Inhibition of grouiih has been ob- 
served foUowmg administration of bromobenzene to rats, presumably due to a 
cystme deficiency resulting from the excretion of mercaptunc acid (392, 434) 
Cj^steme, methiomne and glutathione were all effective m restonng normal 
growth (392) Growth ivas similarly retarded follovung the feeding of biphenjl 
or chrj’sene and restored to normal on the addition of methiomne or cysteine 
(431) A deficiency of labile methyl groups has been reported in rats fed diets 
contaming 1 per cent mcotmic acid or its amide The attendant growth re- 
tardation was alienated by methiomne, cholme plus homoc 3 stine or chohne plus 
cj'stine, but not bv chohne, cj-stme or homocj'stme alone (195, 393) 
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Raquirements for methiomne and other nutnents may be significantly mcreas- 
ed following exposure to various drugs, chemicals and other toxic compounds 
High protem diets have been shown to exert a beneficial influence when adminis- 
tered to experimental animals exposed to chloroform, carbon tetrachloride or ben- 
zene, or nhen administered to animals given toxic amounts of selemum, tnm- 
trotoluene, arsphenanune or mapharaen (154, 181, 299, 362, 382, 386) F oUowmg 
the demonstration of the protective action of protem, there was an mtensive 
search for the fraction or fractions chiefly responsible for it Methiomne, and to 
some degree cystine, proved to be most responsible for the above effects Miller 
et al (303) found that methiomne, and to a lesser extent, cystme, protected 
against chloroform poisomng m the protem depleted dog The beneficial effect 
of methiomne has similarly been observed foUowmg a dminis tration of mapharsen 
or exposure to carbon tetrachlonde m dogs (155, 307), 1 ,2-dichloroethane m rats 
andnuce (208, 209) and tnmtrotoluene and carbon tetrachlonde m man (33, 118) 
Ihe available data mdicate that requirements for methiomne and other ammo 
acids may be significantly mcreased foUowmg exposure to vanous noxious agents 
The mcreased requirements are due to the use of these anuno acids for detoxifica- 
tion On a low protem diet, insufficient amounts of such ammo acids may be pres- 
ent to meet the requirements for mamtenance plus detoxification with the result 
that an ammo acid deficiency may develop The effects of such a deficiency will 
be particularly marked m the hver cell, smce the hver is the organ where de- 
toxification primarily occurs The hepatotoxic effects of chloroform, carbon 
tetrachlonde and other toxic substances may be explamed therefore, at least m 
part, on the basis of a methiomne deficiency m the hver cell Particularly perti- 
nent m this regard is the similanty of symptoms resultmg from a dietary de- 
ficiency of methiomne with that obtained on the administration of noxious sub- 
stances requirmg methiomne for detoxification It appears further that the body 

will employ nutnents preferentially for detoxification, even at the expense of 
sacnficmg its own tissues to obtam the required matenal A recent report by 
Croft and Peters (87) is pertment m this regard It has been demonstrated that 
the excessive urmaiy loss of mtrogen foUowmg severe bums could be checked 
both in the human (409) and the rat (87) by the ingestion of large amounts of 
protem Croft and Peters found that methiomne was ecjuaUy effective m the 
rat (87) Such data suggest that foUowmg a severe bum, methiomne is recjuired 
m mcreased amounts, at least by the rat, that insufficient amounts of thiR ammo 
acid may be available from dietary sources, and that body tissue wiU be broken 
down to meet the mcreased demand Increased urinary mtrogen is explamed on 
the basis of deamimzation of excess ammo acads and the resultmg rise m urinary 
mtrogen excretion 

Detoxification may similarly mcrease body requirements for ascorbic acid 
An mcreased reqmrement for this vitamm has been observed foUowmg the admm- 
istration of toxic doses of 1-tyrosme (368), gold (96, 354, 369), lead (219, 220, 
287) and arsemc compounds (59, 75, 76, 77, 95, 96, 397, 423), benzene (185, 270, 
300), phosphorus (352), tnchlorethylene, TNT (99), barbiturates (167), an- 
esthetics (115, 266), sulphonamides (40, 97, 98), h 3 ''drazme (36) and vanous other 
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above, numerous reports are available on the mcreased incidence and seventy 
of polymeuntis during pregnancy and lactation m man and its successful treat- 
ment with vitamin Bi (9, 319, 440) Evans and Burr (137) found that the 
nursmg rat required five times its usual amount of vita min B Available data 
indicate that nboflavm requirements are also mcreased dunng pregnancj in 
man (43, 114) 

All the evidence pomts to an mcreased requirement for vitamm C m pregnancy 
and lactation Blood levels of vitamm C fall progressively throughout pregnancy 
(61, 123, 385, 407, 411) Elmby and Beeker-Chnstensen (123, 124) found that 
the serum ascorbic acid level in non-pregnant women was double that of pregnant 
women of the same social class Bucher (339) asserts that pregnancy causes a 
four to six-fold mcrease m requirements for vitamin C Other workers are more 
conservative but agree reqmrements are mcreased by at least 100 per cent (149, 
322, 418) Dunng lactation, vitamm C is required not only for the needs of the 
mother but for those of the child, as well Baumann and Eappolt (28, 29) have 
calculated that a nursing mother secretmg 800 cc of imlk a day, containingat least 
6 mgm of vitamin C per 100 cc , requires a minimum of 50 mgm of vitamin C 
beyond the normal dady requirements Other workers have amved at sub 
stantially the same figure (123, 418, 435) Protem and calcium requirements are 
also mcreased dunng pregnancy and lactation m man (117, 152) 

C Deloxificatum In recent years considerable work has been published con- 
cemmg the r61e of ammo aads and other nutnents m detoxification By feeding 
substances which are “detoxified”, deficiencies of glycme, methiomne and other 
nutnents may be produced, correctable by the administration of increased a 
mounts of the appropnate nutnent If benzoic acid or one of its salts is admin- 
istered, either parenterally or by mouth, only a part of it is excreted as benzoate, 
the major portion bemg converted to hippunc acid, m which form it may be re- 
covered from the unne Smce glycine is considered a dispensable ammo acid and 
can readdy be synthesized from other components of the diet, it was not regarded 
as a nutntive essential and hence a glycine deficiency was not considered prob- 
able, at least for the rat Marked inhibition of growth has been observed, how 
ever, m rats fed benzoic acid or its sodium salt on a low protein diet, suggesting 
that glycine requirements for detoxification were not being met and that animals 
were suffenng from a “glycine deficiency” Removal of benzoic acid or sodium 
benzoate from the expenmental ration or the admmistration of mcreased amounts 
of glycine restored normal growth (175, 433) Inhibition of groivth has been ob- 
served following administration of bromobenzene to rats, presumably due to a 
cystme deficiency resulting from the excretion of mercaptunc acid (392, 434) 
Cj'steme, methiomne and glutathione were all effective m restoring normal 
growth (392) Growdih was similarly retarded following the feeding of biphenyl 
or chrj'sene and restored to normal on the addition of methionine or cysteine 
(431) A deficiency of labde methyl groups has been reported in rats fed diets 
containmg 1 per cent mcotimc acid or its amide The attendant growth re- 
tardation was alleviated by methiomne, chohne plus liomocystme or chohne plus 
C3'stme, but not bv chohne, cj-stme or homocj'stine alone (195, 393) 
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therapy of shock and anoxia Govier and Greer (160) found that thiamine xvould 
prolong the life of dogs in hemorrhage-induced shock, although the animals were 
in excellent health at the start of the eicpenment and were fed a diet apparently 
adequate in all respects Blood pyruvic acid was determined in a number of 
nminak duimg shock, and levels as hi^ as 4 to 5 mgm per 100 cc were observed 
m contrast to the normal range of 1 to 2 mgm per cent (159) This level is actu- 
ally higher than that seen m most cases of benben, chmcally Thus, it would 
appear either that these ammalB became thiamme deficient as shock was mduced 
or that their thiamme became mcapable ^f functiomng m a normal manner It 
IS well known that for thiamme to be effective as a coensyme m pyruvate metab- 
olism, it must be phosphoiylated to diphosphothiamme or cocarboxylase Un- 
der normal conditions most of the thiamme is m the phosphoiylated form, but 
under abnormal conditions, such as shock, Govier (157) suggests that breakdown 
of cocarboxylase may occur, thus reducmg the amount of metabohcally “active” 
thiamme Ochoa (321) has shown m vitro that under anaerobic conditions such 
breakdown of cocarboxylase does occur, probably by means of a phosphatase 
Dephosphorylation of cocarboxylase was similarly observed by Govier and Greig 
(161) m the tissues of dogs after shock. Govier pomts out, therefore, that al- 
though shocked animals may be well supphed with thiamme, they may never- 
theless become m a sense thiamme deficient, smce their thiamme becomes 
converted to a form which is useless m tissue metabolism (157) Under such cir- 

cumstances large doses of thiamme are required to raise the mtracellular concen- 
tration of thiamme so that resynthesis of cocarboxylase may occur A similar 
breakdown of cocarboxylase has been observed m dogs allowed to breathe oiygen- 
nitrogen mixtures containmg 10 per cent oxygen (172) It appears, therefore, 
that anemic anoxiaand anoxic anoxia both produce a tissue anaerobiosis which 
results m a breakdown of cocarboxylase Cocarboxylase, however, is not the 
only coenxyme which may be broken down m anoxic conditions nor are shock 
and anoxic anoxia the only conditions m which coenxymes are broken down 
Greig (173) found that m shock a pronounced breakdown of coenzyme I and 
alloxazme adenme dmucleobde (fiavme adenme dmucleobde) may occur and 
that mcreased amounts of mcotmic acid and riboflavm are required respectively 
for re-synthesis to take place Destruction of coenzyme I has also been observed 
foUowmg experimental coronaiy hgataon (158) 

E Mtscellanemts factors A group of factors not readily classified imder one 
headmg may also raise body requirements for vanous nutnents or hasten the 
onset of deficiency states Prolonged parenteral administration of glucose, 
particularly to patients m a borderlme state of nutrition, increases body require- 
ments for thiamme and may precipitate deficiency disease (238, 404) Exces- 
sive consumption of carbohydrate acts m the same way, benben due to this cause 
has, m fact, been reported (153, 395) Exposure to sunlight or other forms of 
imtation such as radiant energy, dirt, filth, chemical trauma, tight clothmg or 
repeated fnction may precipitate akin lesions m mcotmic acid deficient persons 
(200, 350, 378) Johnson and Eckhart (232) found that sunhght hastened the 
onset of comeal vascularization m nboflavm deficient rats, and Sydenatncker 
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compounds It appears that ascorbic acid combmes with at least some of these 
substances and is excreted in such combmation in the urme Similar detoxifica- 
tion effects are observed toward diphthena toxms (264, 376, 376), tuberculosis 
(231, 349), and many other infectious diseases (331) Gumea pigs which died 
from diphtheria mtoxications showed reduced vitairun C content of the adrenals 
(196, 243), whereas no significant differences were found between the vitanun C 
content of the adrenals of animals mjected with a sublethal dose of diphthena 
toxms and those of normal animals (417) Bacterial toxms can cause a decrease 
of as much as 60 to 86 per cent of the normal vitamm C content of the adrenals 
(198, 277, 416) 

Requirements for other nutrients may similarly be mcreased followmg the ad- 
ministration of various drugs, toxins, poisons and related substances Higgins 
(214) found that the toxic effects of orally administered pronun (sodium p,p' 
-diammodiphenyl sulfone -N,N' -didextrose sulfonate) were counteracted by m- 
creased amounts of thianune, nboflavm and pyndoxme Fishman and Artom 
(145) observed that the toxic effects of dl-serme were modified by mgeshon of 
pyndoxme Sandground (355, 357) and Sandground and Hamilton (358, 359) 
showed that p-ammobenzoic acid was highly effective as a detoxicant for lethal 
doses of phenyl arsenates such as “Tiyparsamide”, arsanihc acid, carbarsone and 
acetarsone, and virtually the same results have been obtamed with the penta 
valent antunomal compound “Stibosan” (sodium-m-chloro-p-acetylammophenyl 
stibonate) (199, 366) P-ammobenzoic acid was found to alleviate the symptoms 
of hydroqumone poisonmg (289) and to reduce, at least m rats, the toxicity of 
neoarsphenamme (279) More recently, p-aminobenxoic acid has been shovm 
to be of value in the treatment of experimental tsutsugamushi disease (scrub ty- 
phus) (316, 386), murme (170, 171, 193) and epidemic typhus (193) and Rocky 
Mountam spotted fever (17, 192) Cluneal tnal of p-ammobenzoic acid has dem- 
onstrated it to be of value m the treatment of louse-bourne typhus fever (454) 
and apparently Rocky Mountam spotted fever as well (347) Vitamm K ther- 
apy will raise the lowered prothrombm level due to sulphonamide (72), aspmn 
and sahcylate therapy (372), dicumarol (88, 103, 373) or quimne sulfate (334) 
lodidewiU protect agamst poisonmg by thiourea (172) or ANTU (alpha-napthyl- 
thiourea (60)) Selemum poisonmg was prevented by the administration of ar- 
semc salts (113, 313) 

Data are lackmg regardmg the specific mechanisms through which the above 
nutnents exert their effects Some results were apparently due to detoxification, 
but the modus operandi remains obscure, others may reflect a pharmacologic, as 
distmguished from a nutntional, response The net result, however, remains 
the same, namely, that a toxic or deletenous effect was alleviated or prevented 
by mcreased amounts of a specific nutrient It may be added further that these 
effects occurred m animals that were normal at the start of the experiment and 
were fed diets that were quahtatively and quantitatively adequate m the absence 
of the vanous stress factors employed, and further, that animals responded to 
doses of nutnents that could be supphed by diet alone 

D Anoxia Available data suggest an mcreased vitanun requirement m the 
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alpha-estradiol served as the stress factor hlale and female rats were raised to 
matunty on punfied rations containing excessive amounts of alpha-estradiol 
Two basal rations were employed m one, the B vitamms were administered as 
synthetic factors, m the other, they were present as jeast After sixty days of 
feeding, both body and gonadal weight were significantly greater m the yeast 
senes The list of manor vitamins may be further extended to mclude substances 
effective as anti-hyp ertensive agents Hamson et al (202) prepared kidney ex- 
tracts which were effective orally or parenterally m lowermg the blood pressure 
of rats rendered hypertensive by surgery or renin, although without effect m 
normal nmmals Similar results were obtamed with manne oil concentrates, 
both m experimental nTnmals (177, 427) and man (176, 329) At first, such re- 
sults were attributed to the vitamin A content of the preparations emplojed, 
subsequent work has demonstrated, however, that the blood pressure-reducmg 
factor was some unrecogmzed substance and that vitamin A was neither the anti- 
pressor substance nor its precursor (177, 312) ]\Iore recent!} , Grollman (176) 
obtamed the active principle m aqueous solution and suggested it might be iden- 
tical or of related chemical structure to the active substance m renal extracts 
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et al (405) have suggested that exposure to bnght hght might cause destruction 
of nboflavm m the cornea with resultmg ocular signs in the absence of lesions in 
other tissues Mills et al (308) observed that rats on a vitanun K deficient diet 
had four times as much mtemal hemorrhage when kept at 90 to 91 degrees F 
as rats kept at 68 degrees F , an effect presumably due to an mcreased require- 
ment for vitamin K at the higher temperature For the water-soluble vitamins, 
however, requirements not only were not mcreased at hi^er environmental tern 
peratures but m some cases were actually lower, due to decreased activity and 
reduced food mtake (20'^, 255) RiboQavm requirements may be increased at 
high altitudes and other conditions where the oxygen supply is decreased (310) 
Administration of growth hormone has accentuated deficiency symptoms in the 
vitamm A deficient rat (133) An mcreased requirement for folic acid was re- 
ported for rats fed reduced caloric mtakes (132) A pyndoxme deficiency was 
observed m the sucklmg young of rats fed mcreased amounts of thiamine dunng 
pregnancy and lactation (340) 

Evidence is accumulatmg that m adition to the major nutnents, substances 
are present m our diet which may be required m mcreased quantities dunng con 
djtions of stress Such factors are apparently dispensable under normal condi- 
tions or their requirements are so small that they may readily be met by amounts 
present m the diet or through the synthetic activity of the mtestinal flora or the 
ammals’ own tissue Certam drugs or other stress factors may, however, in 
crease requirements for these substances to the extent that deficiencies occur, 
manifest by retarded growth or tissue pathology, and preventable by the ad- 
ministration m appropnate amounts of the missmg nutnent Many effects 
commonly attnbuted to drug toxicity or endocrine hyperfunction may m reahty 
reflect a tissue deficiency due to an increased requirement for one of these “minor 
vitamins” A recent report by Ershoff and Hershberg (136) is a case m pomt 
It has been demonstrated that requirements for thiamine, pyndoxme and panto- 
theme acid are mcreased m the hypertbyroid rat (110) The above authors 
found that still another factor, present m yeast, is reqmred m mcreased amounts 
by the hyperthyroid rat Length of survival was sigmficantly longer in thyroid 
fed rats on yeast containmg rations than those on similar diets contammg syn 
thetic B vitamins (135) Furthermore, neither wheat germ, pancreas, nor m 
dividual supplement^ of thiamine, nboflavm, P3mdoxme, calcium pantothenate, 
mcotmic acid, p-ammobenzoic acid, mositol, fohe acid nor biotm prolonged the 
life of thyroid-fed rats on synthetic rations, hver, however, was as effective as 
yeast m this regard (131) Moreover, it contams still another factor required m 
mcreased amounts by the hyperthyroid rat It is well known that excessive thy- 
roid feeding retards the growth of young rats Futhennore, if feedmg is begun at 
weanmg, ovanes remam mfantile, both m weight and microscopic appearance 
(130) Both effects, i e , retardation of growth and failure of ovanan develop- 
ment, were counteracted by hver, although yeast, wheat germ, pancreas, thi- 
amme, nboflavm, pyndoxme, calcium pantothenate, mcotmic acid, p-ammo- 
benzoic acid, mositol, fohe acid and biotm were meffective m this regard (131) 
Similar experiments have been reported by Ershoff and Deuel (134) m which 
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alpha-estradiol served as the stress factor Male and female rats ■were raised to 
maturity on purified rations containing excessive amounts of alpha-estradiol 
Two basal rations ■were employed in one, the B ■vitamins were administered as 
synthetic factors, m the other, they were present as yeast After sixty days of 
feeding, both body and gonadal weight were significantly greater m the yeast 
senes The hst of min or ■vitamms may be further extended to include substances 
effective as anti-hypertensive agents Harrison et al (202) prepared kidney ex- 
tracts which were effective orally or parenterally m lowenng the blood pressure 
of rats rendered hypertensive by surgery or rerun, although ■without effect in 
normal nnimals Similar results were obtamed ■with marme oil concentrates, 
both in experimental nnimals (177, 427) and man (176, 329) At first, such re- 
sults were attnbuted to the ■vitanun A content of the preparations employed, 
subsequent work has demonstrated, however, that the blood pressure-reducmg 
factor was some unrecogmzed substance and that vitamin A was neither the anti- 
pressor substance nor its precursor (177, 312) More recently, Grollman (176) 
obtamed the active principle m aqueous solution and suggested it might be iden- 
■facal or of related chemical structure to the active substance m renal extracts 

SUMMABT 

hlalnutntion may be caused by conditions other than a primary dietary de- 
ficiency These mclude factors that interfere ■with the absorption and utdiza- 
tion of nutrients or those that mcrease their destruction and excretion Body 
requirements for essential nutrients may furthermore be significantly mcreased 
for purposes of detoxification or by factors such as physical exertion, fever, drugs, 
■toxms, abnormal en^vironmental conditions, pregnancy, lactation, hyperthyroid- 
ism and related conditions which result m an mcreased metabohe requirement 
on the part of the tissue cell The net result of such factors is an mcreased body 
requirement beyond the usual or average range and the precipitation of nutri- 
tional deficiencies on diets that would otherwise be adequate were such factors 
not operative In the present renew a critical survey has been made of current 
hterature m respect to these factors and their effect on the ■vitamm, nnneral and 
ammo acid requirements of experimental animals and man 
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T he seceetor's actiyity of most endocnne glands appears to be outside the 
direct control of the nervous system Recent work casts doubt on any nerve 
supply to the adrenal cortex (274, 392, 396) though experimentally it may be 
stimulated by the secretion of the adrenal medulla (419) This latter undoubtedly 
receives a rich innervation from the sympathetic system via the splanchmc nerves 
and lumbar sympathetic cham (392, 444) and possibly some fibers from the vagus 
(395) The innervation of the gonads by (m man the tenth thoraac segment) the 
spmal cord through the spermatic and ovarian plexuses is well known, though the 
exact site of nerve fiber termination m the gonads is open to dispute (257, 258, 320) 
However, experimental evidence clearly mdicates gonadal activity to be controlled 
hormonally rather than by a direct nerve supply The thyroid gland receives nerve 
fibers from the cervical sympathetic system and vagus (313, 357) Nerve nets 
around mdrvidual foUicular cells have been described (391) and their presence denied 
(314), but the evidence that thyroid activity is under the control of secreto-motor 
fibers IS doubtfuL Removal of or stimulation of the cervical sympathetic system 
(45, 148, 188, 272) may possibly affect thyroid secretion mdirectly by a vasomotor 
mfluence over the thyroid (357) or pitiutaiy (406) The vagal mnervation of the 
parathyroids (214) appears to be messenbal for normal function as demonstrated by 
transplantation experiments (264) Similarly the pancreas, which receives vagal 
and sympathetic fibers (351), can stiU regulate the blood sugar level after vagal 
section or after transplantation m a depancreatized dog (227) Regardmg the nerve 
supply and control of the pituitary gland, see below 
Thus, of the endocnne glands only the adrenal medulla and neurohypophysis 
possess a nch nerve supply and are directly mfluenced m their activity through this 
supply (It IS of mterest to note that developmentally, the neurohypophysis may be 
classified as the central nervous system and the cells of the adrenal medulla as post- 
ganghonic sympathetic neurones ) The more slowly actmg endocnnes are appar- 
ently regulated by humoral means Some activities of the adenohypophysis are 
clearly mfluenced by the nervous system, and it may be that nervous control of the 
endocrme system as a whole is enacted through the mediation of ttiis gland This 
surmise would place the hypothalamico-adenoh3rpophysial unit as a key lint m the 
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chain of neural endocrine regulation, and would clarify the position regarding the 
apparent lack of secreto-motor nerves to the other endocrine organs 

This review is concerned with the evidence relating to neural exatation and con- 
trol of both the neurohypophysia and adenoh)'p>ophysis The terminology used for 
the various subdivisions of the gland will be that proposed by Rioch, \\Tslocki and 
O’Leary (354) The term ‘adenohypophysis’ (or glandular lobe) mcludes the pars 
distahs, the pars tuberahs and the pars mtermedia The neurohypophysis includes 
the mfundibular process (neural lobe) and the mfundibulum (neural stalk) The 
mfundibulum may m turn be subdivided mto the mfundibular stem and the median 
emmence of the tuber cmereum The term ‘postenor lobe’ will be retamed to refer 
to the mfundibular process and pars mtermedia, and ‘hypophysial or pituitai}’’ stalk’ 
to mclude the neural stalk together with its sheath of portions of the glandular lobe 

NEUROHYPOPHYSIS 
I Nerve Supply of Nettrohypophysts 

It IS now recognized that the neuroh3^physis consists of three parts which func- 
tion as a unit the median emmence of the tuber cmereum, the mfimdibular stem 
and the mfundibular process That the median emmence is part of the neurohy- 
pophysis IS shown by its reactions on vital stammg (442), vascular supply (17I) 437 i 
438), embiyology (401) and cytology (164, 422) Tilney (401) beheves the pars 
tuberahs to be coextensive with the median emmence, but this is denied by Weaver 
and Bucy (42a), who state that the upper boundary of the median emmence is as yet 
mexactly known However, the fact remams that the infundibular stem and the 
lower part of the tuber cmereum probably function as part of the pituitary gland 
rather than the hypothalamus Fisher, Ingram and Ranson (140) showed that the 
median emmence and infundibular stem atrophy (as does the mfundibular process) 
after lesions m the supraoptico-hypophy^ial tract, and that after sunple removal of 
the mfundibular lobe, the presence of the mfundibular stem and median emmence are 
suffiaent to prevent the onset of diabetes msipidus Magoun, Fisher and Ranson 
(277) found that the median emmence and upper part of the mfundibular stem of 
monkeys constituted 12 to 16 per cent of neurohypophysial tissue and were sufficient 
to preserve a normal urme output 

The nerve supply of the neurohypophysis is denved from two sources, a scanty 
sympathetic supply from the carotid plexus runnmg with the postenor median 
hypophysial artery mto the pwstenor pmle of the gland (98) and a hypothalarmc 
supply which reaches the mfundibular lobe through the neural stalk Regardmg the 
sympathetic supply httle is known as to the cells of origm, termmation or function, 
whereas the hypothalamic supply, which would appear to be of greater functional 
significance, has been the subject of much anatomical and physiological study A 
comprehensive hst of references to work dealmg with the anatomy of the hypothal 
amico-hypophysial tract m all types of vertebrates may be found m the monograph 
by Fisher, Ingram and Ranson (140) 

The hypothalamico-hypophysial tract has been subdimded mto the supraoptico- 
hypophysial tract runnmg m the i entral or more rostral wall of the neural stalk and 
the tubero-hypophysial tract m the dorsal or more caudal wall of this structure 

(138, 358) 
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(a) Nuclei of origin of thf. HVPOTHAiAinco-HYPOPHYSiAL tract Ramon y 
Cajal, 1894 (63) descnbed a tract of fibers nmnmg from a nucleus situated behmd 
the optic rViiasma mto the pitmtary stalk and ‘supenor’ lobe m young mice Pmes 
(335) placed the source of some of these fibers as the supraoptic nucleus (nucleus 
h}rpophyseus of Pmes) This was confirmed by Grevmg (176) who described also a 
tractus paraventnculans-cmereus, ansmg in the paraventncular nucleus and run- 
ning either to the supraoptic nucleus or to jom the fibers m the supraoptico-hypo- 
physial tract. Laruelle (259) descnbed two groups of paraventnculo-hypophysial 
fibers, an external and mtemal set The similar connection of the supraoptic and 
paraventncular nuclei with the h}^ph3rsis is not suipnsmg m view of their common 
phylogenetic ongm (33) and similar vascular and cytological architecture In the 
rabbit some fibers entenng the ventral wall of the stalk are said to arise from a group 
of cells situated behmd the chiasma m the midhne, termed by Young (445) the 
nucleus hypothalamicus ventrahs pars centralis Fisher et al (138, 139) describe 
the ongms of fibers m the supraoptico-h}rp)ophysial tract as the supraoptic nucleus 
mamly but also the paraventncular nucleus (filiform), antenor hjT>otbRla™ic, ven- 
tromedial hypothalamic and ventral penventncular h3rpothalaimc nuclei. The 
tubero-hypophysial tract is said by these authors to arise m the central and postenor 
parts of the hypothalamus and possibly from the nucleus penventnculans ventrahs 
(343) Scattered cells and nuclei m the tuberal region are also suggested as givmg 
ongm to fibers m the lateral and postenor regions of the stalk (358), and there is 
some evidence that fibers from the pars mammiUans of the hypothalamus enter the 
tubero-hypophysial component (415) 

More recent work on the ongm of the hypothalamico-hypophysial fibers has been 
concerned with the retrograde degeneration that occurs m some h3rpothalamic nuclei 
foUowmg lesions m the tuber cmereum and mfundibular stem Such lesions are 
reported to cause clear-cut degeneration m only the supraoptic and paraventncular 
nuclei, but it is pwssible that less well-defined nuclei associated with the tubero- 
hypophysial tract also imdergo at least partial degeneration Kary (248), and 
Lewy (265) first descnbed retrograde degeneration m the supraoptic nuclei The 
normal number of cells m each supraoptic nucleus has been estimated at about 
60,000 (man, 305, 346), 30,000 to 40,000 (monkey, 278), 35,000 to 40,000 (dog, 305, 
316, 334, 345) and 7,000 (rat, 305, 345) After lesions m the neurohypophysis these 
cells are considerably reduced m number, the figures recorded varymg from 70 per 
cent loss of cells on removal of the mfundibular process to 90 per cent (or more) loss 
on section of the supraoptico-hypophysial tract above the median emmence (190, 211, 
278, 316, 334, 345, 346) Less mformation is available for the paraventncular nuclei 
Many workers have described an apparent loss of cells in this nucleus after partial or 
complete denervation of the neurohypophysis [Rasmussen (345) rat, Fisher, Ingram 
and Ranson (139) cat, Biggart and Alexander (21) and Hembecker and White (211) 
dog, Rasmussen and Gardner (346) man] Estimates have been given that about 
20 per cent of the cells m the paraventncular nuclei degenerate after pituitary stalk 
section m the monkey (278), about 90 per cent degenerate after sectionmg the supra- 
optico-hyjKiphysial tract m the dog (316, 334) and 35 per cent degenerate after 
hypophjsectomy m the rat (154) The difference m these estimates is probably due, 
m part, to the mdefinite demarcation of the nucleus The loss of paraventncular 
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chain of neural endocrine regulation, and would clarify the position regarding the 
apparent lack of secreto-motor nerves to the other endocrine organs 

This review is concerned with the evidence relating to neural exatation and con 
trol of both the neurohypophysis and adenohypophysis The terminology used for 
the various subdivisions of the gland wiU be that proposed by Rioch, Wislocki and 
O’Leary (354) The term ‘adenohypophysis’ (or glandular lobe) mcludes the pars 
distahs, the pars tuberahs and the pars mtermedia The neurohypophysis mcludes 
the mfundibular process (neural lobe) and the infundibulum (neural stalk) The 
mfundibulum may m turn be subdivided mto the mfunchbular stem and the median 
emmence of the tuber cmereum The term 'postenor lobe’ will be retamed to refer 
to the mfundibular process and pars mtermedia, and ‘hypophysial or pituitaty stalk’ 
to mclude the neural stalk together with its sheath of portions of the glandular lobe 

NEUEOHYPOPHYSIS 

I Nerve Supply of Neurohypophysts 

It IS now recognized that the neurohypophysis consists of three parts which func- 
tion as a unit the median emmence of the tuber cmereum, the mfugdibular stem 
and the mfundibular process That the median emmence is part of the neurohy- 
pophysis IS shown by its reactions on vital stammg (442), vascular supply (17I1 437 i 
438), embryology (401) and cytology (164, 422) Tilney (401) beheves the pars 
tuberahs to be coextensive with the median emmence, but this is denied by Weaver 
and Bucy (422), who state that the upper boundary of the median emmence is as yet 
mexactly known However, the fact remams that the mfundibular stem and the 
lower part of the tuber cmereum probably function as part of the pituitary gland 
rather than the hypothalamus Fisher, Ingram and Ranson (140) showed that the 
median emmence and infundibular stem atrophy (as does the mfundibular process) 
after lesions m the supraoptico-hypophysial tract, and that after sunple removal of 
the mfundibular lobe, the presence of the mfundibular stem and median emmence are 
suffiaent to prevent the onset of diabetes msipidus Magoun, Fisher and Ranson 
(277) found that the median emmence and upper part of the mfundibular stem of 
monkeys constituted 12 to 16 per cent of neurohypophysial tissue and were suffiaent 
to preserve a normal urme output 

The nerve supply of the neurohypophysis is denved from two sources, a scanty 
sympathetic supply from the carotid plexus runnmg with the postenor median 
hypophysial artery mto the postenor pole of the gland (98) and a hypothalamic 
supply which reaches the mfundibular lobe through the neural stalk Regardmg the 
sympathetic supply httle is known as to the cells of ongm, termmation or function, 
whereas the hypothalaimc supply, which would appear to be of greater functional 
significance, has been the subject of much anatonucal and physiological study A 
comprehensive list of references to work deahng with the anatomy of the hy^iothal- 
amico-hy'pophysial tract m all types of vertebrates may be found m the monograph 
by Fisher, Ingram and Ranson (140) 

The hypothalaimco-hypophysial tract has been subdmded mto the supraoptico- 
hypophysial tract running m the ventral or more rostral wall of the neural stalk and 
the tubero-hypophysial tract m the dorsal or more caudal wall of this structure 

(1381 358) 
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make it hardly surprising that the fiber terminals are far from clear [The structures 
compnsmg the neurohypophj'sis may be enumerated as follows, see (343) nerve 
fibers, nerve cells (377), neuroglia, at least m the form of microglia (411), vanous 
cells sudi as pituicytes (56, 178, 179, 180), mast-like cells (169), wandermg cells (57), 
epend)Tnal hnmg cells m some forms such as the cat, and cellular cords mvadmg 
posterior^ from the pars mtermedia, a nch vascular supply (442) , and the connective 
tissue framework (56) ] 

From the evidence given above, that more cells m the supraoptic and paraventncu- 
lar nuclei degenerate following lesions above or m the median emmence than in the 
hypophysial stalk, it seems probable that the hypothalamico-hypophysial tract ends 
m aU three parts of the neurohypophysis Cajal (64) described nerve fibers endmg 
near the surface of the stalk m vancose extremibes Perivascular termmatioiis to 
the fibers have been descnbed by many authors (89, 184, 397, 412), Tello (397) and 
Vasquez-Lopez (412) both claiming that this type of endmg is particularly numerous 
and dense m the mfundibular stem as compared with the infundibular process 
(This pomt will be referred to agam when considenng jmssible modes of transmission 
of stimuh to the pars distahs ) Other methods of temunation appear to be by 
means of termmal enlargements, bulbs, menisa and similar structures (56, 184, 397) 
m relationship to cells m the neural lobe (53, 56), m the connective tissue capsule 
(S6), m end organs described as sensory (84, 412) and m the neurohypophysial 
ependyma (83) 

2 Neiiral Control of Neurokypophysts 

Duiing the last 50 years vanous effects produced by admmistration of extracts of 
the neurohypophysis have been mvestigated, the ongmal studies of Ohver and 
Schafer (323), Howell (231) on the pressor activity, Magnus and Schafer (275), 
Schafer and Hemng (366), Von den Velden (413) on the diuretic-antidiuretic and 
chloruretic activity. Dale (96) on the oxytoac activity, Borchardt (34) on the 
hyperglycaemic activity of such extracts, leadmg the way to the accumulation of 
much valuable data Postenor pituitary extracts are now known to influence water 
and salt metabolism, the cardiovascular system, carbohydrate metabohsm, the 
smooth muscle of the uterus, mtestme and other viscera, water balance of amphibi- 
ans and possibly blood coagulation, fat metabohsm and other functions (409) 
Only recently, however, has evidence accumulated as to the physiological r61e of the 
neurohypophysis, and it is still not possible to accredit with certainty more than one 
hormonal function to the organ Much of the evidence has been derived from studies 
of experimental or clinical lesions of the organ or its nerve supply Direct stimulation 
of the gland has been a less productive field of enquiry owmg to the comphcabons 
associated with anesthesia Indirect stimulation by means of emotional reactions, 
peripheral sensory stimuh and other means has yielded valuable mformation re- 
gardmg the liberation of the antidiuretic hormone 

The more probable endocrme actions of the neurohypophysis will now be con- 
sidered with special reference to their loss on damage to, or production on stimulation 
of, the gland or its nerve supply Stimulation of the gland will, for convenience, be 
described as mdirect or direct 

(o) Nettrohypophysb and the ANTiDiDREnc HORMONE The recogmtion that 
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cells would appear to be greater after denervation or destruction of the median 
eminence than after pituitary stalk section (an, 316) The loss of supraopbc and 
paraventricular cells after different lesions is not always proportional, and it has been 
suggested that some other factor such as mterference with the vascular supply of the 
nuclei may account for this fact (154) O’Connor (316) found that the number of 
cells remammg m the supraoptic nuclei after vanous lesions m the supraoptico- 
hypophysial tract could not be related to the magnitude of the final polyuna 

(fi) Fibers in, and course of, the hypothalamicO'Hyfophysial tract The 
fibers of the hypothalamico-h3rpophysial tract are usually described as bemg un- 
myelmated Vidal (415) describes these fibers m the rat as losmg them myebn 
sheath at the median emmence Trocello (402) saw myelmated fibers m the stalk 
and neural lobe m vanous forms, and Vasquez-Lopez (412) states that some fibers 
acquire a myehn sheath as they run to supply what he terms the ‘menmgeal terminal 
corpuscles’ Some authors ascnbe sensory functions to these fibers (84, 412) It is 
felt that both the presence of myelmated fibers and the sensory nature suggested for 
them need confirmation 

As the supraoptico-hypophysial tract enters the median emmence it occupies a 
very superficial position where it is liable to be affected by basal mfections of the 
bram (139) The fibers here have been described as pursumg a smuous course (412) 
and of undergomg partial decussation (259, 359, 360) Tbis decussation is probably 
not of any magnitude, for unilateral mjury of the median emmence (211), or neural 
stalk (240), causes appreciable retrograde degeneration only m the supraoptic nu 
cleus of the same side The tubero-hypophysial tract m the dorso-caudal region of 
the tuber cmereum and mfundibular stem is smaller and consists of finer fibers (139) 
In the neural stalk the fibers are collected mto densely aggregated bundles lymg in a 
central position, leavmg a penpheral zone m contact with the pars tuberahs, rela 
tively free of nerve elements (412) In the neural lobe the compact arrangement of 
the nerve fibers is broken up, although two mam hypophysial fascicuh have been 
descnbed m the rat (403) The general picture of fibers m this lobe is that of a 
tangled, gnarled mesh Actual counts of nerve fibers m the neural stalk have given 
figures of about 50,000 for man (344) This is probably an underestimate, for the 
total number of cells m the two supraoptic nuclei alone exceeds this figure A closer 
approximation would probably be 10,000 m the rat, about 60,000 m the dog and 
monkey and 100,000 m man (345) 

(c) Termination of the HYFOTHAi-AMico-HypoPHYSiAL tract The fibers of 
the hypothalamico-hypophysial tract end mamly m the neurohypophysis, a feit 
penetratmg the pars tuberalis, pars mtermedia and possibly the pars distahs (The 
fibers that may enter the adeno-hypophysis are discussed below ) Although it is 
now generally held that the potent extracts obtamed from the neuro-hypophysis are 
formed m situ and not by the pars mtermedia (105, 140, 159, 160, 321, 322), it is 
doubtful which are the ‘secretory’ elements The evidence of Gersh (164) that bis 
‘parenchymatous’ glandular cells are secretory has been questioned by Hickey, Hare 
and Hare (218), and it would seem impossible as yet to describe a secreto-motot 
endmg m the neurohypophysis Histologically the mode of terramaUon of the nen'C 
fibers m the neural lobe is obscure The lack of a specific stam for nerve fibers (184) 
and the heterogenous group of structures among which the nerve endmgs are situated 
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to about 5 per cent of its original magnitude O’Connor (315) has also shown that 
section of the supraoptico-hj’pophysial tracts m dogs, besides producmg the changes 
described m cats and monkeys by Fisher, Ingram and Ranson (140), very largel}’’ 
abolished the inhibition of a water diuresis produced by emotional stress Much 
of the above work was performed on dogs m which the kidneys and adrenals had been 
denervated In further work (319) m which this denervation had not been per- 
formed, it was found that many dogs respond to emotional stress by a sharp, short 
inhibition of a water diuresis After section of the splanchnic nerves, removal of the 
second, third and fourth lumbar sympathetic ganglia and denervation of the kidneys, 
a long slow inhibition of pituitary ongm was apparent m aU cases This latter could 
be abolished, however, bj mjection of adrenahne just before the apphcation of the 
emotional stimulus, but smce similar mjections of adrenahne did not abohsh the m- 
hibition produced by mjection of posterior pitmtary extracts, it was concluded that 
adrenahne ^icted by preventmg the release of the antidiuretic hormone from the 
pitmtary Tyramme m equipressor doses is as effective as adrenahne m this respect, 
so it would seem that an mcreased cerebral blood flow is the common factor m pre- 
ventmg the release of antidiuretic substance (414) This beautiful sequence of 
e^enments shows very clearly that the neurohypophj'sis may be aroused to secretion 
by emotional stress, which is a component of the psychological pattern produced by 
pam, exercise and other natural stimuh The neural pathway by which this exata- 
bon occurs is almost certamly the supraoptico-hypophysial tract [It is possible 
that emotional factors maj have been responsible for the changes m unne flow de- 
scribed m man (5, 355) ] 

Eypaiomc solulwns The presence of osmoreceptors m nervous connection with 
the pitmtary was postulated by Khsiecki el al (254) The discovery that admmis- 
tration of hypertonic sahne inhibits a water diuresis (73, 165, 194, 414) appears to 
support this view Chambers reports that the neurohypophysis of the rat, foUowmg 
prolonged admmistration of hypertoiuc sahne, shows histological changes (71) and a 
loss of assayable antidiuretic hormone (72) Vemey (414) found that the mtra- 
carotid mjecUon of hypertonic sahne was followed by a definite antidiuresis, which 
was largely abolished by removal of the postenor lobe of the pitmtary The m- 
travenous mjection of the same amoimt of hypertonic sahne had no effect on a water 
diuresis It was also shown that the effect is not due specifically to sodium chlonde 
but to the rise m osmotic pressure of the blood, that the osmoreceptors are freely 
permeable to urea, less freely permeable to dextrose and relatively impermeable to 
sodium chlonde It seems likely that the antidiuresis evoked by hypertonic sahne 
IS m the nature of a physiological response, especially smce it has been calculated that 
the change m blood chlonde necessary to ehat the response is well withm the range 
of the falls reported m water diuresis m man (414) The nature and identity of the 
osmoreceptors is uncertam The supraoptic nuclei have been suggested as the effec- 
tive site, largely on the grounds of their highly vascular nature Also Hare (192) 
has shown that the antidiuretic response to mjection of hypertonic sahne is abolished 
by cuttmg the pituitarj,’’ stalk, but if the diencephalon is isolated from penpheral 
receptors by cuttmg the midbram, the cervncal sympathetic trunks and the first 
three cranial nerves, the response is still retamed 
Craiiud and sensory rterve sltrmdaiwn Stimulation of the rat by flashes of light 
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the antidiuretic activity shown by extracts of the neuroh3^ophysis represents a true 
hormonal action is due particularly to the work of Ranson and Vemey and their 
respective colleagues A detailed account of this work may be found in renews by 
Pickford (333), and O'Connor (317) 

Lesions Ranson and his co-workers have demonstrated very clearly the effects 
of damage to the neurohyrpophysis or its nerve supply The disturbance to the 
water balance of the body (139, 240, 241, 277) (and restoration of normal balance by 
posterior pituitary extracts), the degenerative changes which occur m the neuro- 
hypophysis and associated hypothalamic nuclei (138, 240, 277, 278) and the hormonal 
content of the atrophic neurohypiophysis (136, 137) and other pomts have been in 
vestigated followmg experimental trauma to the hypothalamus or pitiutary Their 
work has been made the subject of a monograph (140) The mam conclusions of 
this school are as follows The supraoptico-hy^ophysial tract regulates the secretion 
of the antidiuretic hormone from the neurohypophysis, the term neurohypophysis 
bemg taken to mclude the median emmence, mfundibular stem and mfundibular 
process Under normal conditions m the mtact animal the activity of the anti 
diuretic hormone is balanced agamst that of the diuretic processes of the body, which 
appear to be influenced by the adenohypophysis If the supraoptico-hj^physial 
tract is mtemipted above the level of the median emmence, secretory activity ceases, 
degeneration and atrophy of the neurohypophysis and major parts of the supraoptic 
nuclei occur, and a state of diabetes msipidus supervenes Extracts of the atrophic 
neurohypophysis show loss of antidiuretic, oxytoac and pressor activity, though the 
melanophore activity is retamed Major di^entients from these views have httle 
sound evidence m their support (307, 308, 309, 310, 412) Some pomts still require 
clarification, such as the part played by the adenohypophysis m the development of a 
maximum diabetes msipidus (211), and the possibihty of extra-bypophysial forma 
tion of an antidiuretic prmciple (251, 301, 302) Keller (251) beheves the hypothal 
amic formation of an antidiuretic substance is a possible explanation of his results, 
m which complete separation of the hypophysis from the hypothalamus did not give 
rise to diabetes msipidus It is generally accepted now that denervation of the 
neurohypophy^ leads to atrophy of the gland and cessation of secretory activity 
In this respect, Gellhom (t6i) beheves the neurohypophysis to be unique among the 
endocrme organs 

Indirect sitmttlalion Indirect stimulation of the neurohypophysis either by reflei 
nervous pathways or humorally has been the explanation put forward to account for 
a change m rate of unne flow on the apphcation of many different types of stimuh 

Muscidar exercise and emolton For many years it has been known that muscular 
exercise causes mhibition of a water diuresis Rydm and Vemey (362) produced 
evidence that the primary mhibitmg factor is the emotional accompaniment of 
exercise They found that denervation of the kidney (see also 254, 255, 4®®) 
not alter the response, and after excludmg the participation of hemodynamic factors 
suggested that the antidmresis is due to some agent humorally conducted to the kid 
ney Further experiments showed that the adrenal glands were not concerned, that 
the responses to emotional stress and mjection of posterior pituitary extracts were 
closely cimikr as regards both the unne flow and chlonde and nitrogen excretion by 
the kidney and that removal of the postenor pitmtary (318) reduces the mhibiUon 
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to about 5 per cent of its ongmal magnitude O’Connor (315) has also shown that 
section of the supraoptico-hypophysial tracts m dogs, besides producing the changes 
described m cats and monkeys by Fisher, Ingram and Ranson (140), very largely 
abolished the inhibition of a water diuresis produced by emotional stress Much 
of the above work was performed on dogs m which the kidneys and adrenals had been 
denen'ated In further work (319) m which this denervation had not been per- 
formed, it was found that many dogs respond to emotional stress by a sharp, short 
inhibition of a water diuresis After section of the splanchnic nerves, removal of the 
second, third and fourth lumbar sympathetic ganglia and denervation of the kidnqrs, 
a long slow inhibition of pituitary ongm was apparent m all cases This latter could 
be abolished, however, by mjection of adrenahne just before the apphcation of the 
emotional stimulus, but smce s imilar mjections of adrenahne did not abohsh the m- 
hibition produced by mjection of jmstenor pitmtary extracts, it was concluded that 
adrenahne f.cted by preventmg the release of the antidiuretic hormone from the 
pitmtary Tyramme m equipressor doses is as effective as adrenahne m this respect, 
so It would seem that an mcreased cerebral blood flow is the common factor m pre- 
ventmg the release of antidiuretic substance (414) This beautiful sequence of 
experiments shows very clearly that the neuroh3qiophysis may be aroused to secretion 
by emotional stress, which is a component of the psychological pattern produced by 
pam, exercise and other natural stimuh The neural pathway by which this exata- 
tion occurs is almost certamly the supraoptico-hypophysial tract [It is possible 
that emotional factors may have been responsible for the changes m urme flow de- 
scribed m man (5, 355) ] 

Hypertonic soluitons The presence of osmoreceptors m nervous connection with 
the pitmtary was postulated by Khsiecki el al (254) The discovery that admmis- 
tration of h}rpertonic sahne mhibits a water diuresis (73, 165, 194, 414) appears to 
support this view Chambers reports that the neurohypophysis of the rat, foUowmg 
prolonged admmistration of hypertonic sahne, shows histological changes (71) and a 
loss of assayable antidiuretic hormone (72) Vemey (414) found that the mtra- 
carotid mjection of hypertonic sahne was followed by a defimte antidiuresis, which 
was largely abohdied by removal of the postenor lobe of the pitmtary The m- 
travenous mjection of the same amount of hypertonic sahne had no effect on a water 
diuresis It was also shown that the effect is not due specifically to sodium chloride 
but to the rise m osmotic pressure of the blood, that the osmoreceptors are freely 
permeable to urea, less freely permeable to dextrose and relatively impermeable to 
sodium chloride It seems likely that the antidiuresis evoked by hypertonic sahne 
IS m the nature of a physiobgical response, especially smce it has been calculated that 
the change m blood chlonde necessary to chat the response is well withm the range 
of the falls reported m water diuresis m man (414) The nature and identity of the 
osmoreceptors is uncertam The supraoptic nuclei have been suggested as the effec- 
tive site, largely on the grounds of their highly vascular nature Also Hare (192) 
has shown that the antidiuretic response to mjection of h3qDertonic sahne is abolished 
by cuttmg the pituitary stalk, but if the diencephalon is isolated from peripheral 
receptors by cuttmg the midbram, the cemcal S3Tnpathetic trunks and the first 
three cranial nerves, the response is still retamed 
Cranial and sensory nerve shmidalion Stimulation of the rat by flashes of hght 



144 


G W HARRIS 


Votume iS 


the antidiuretic activity shown by extracts of the neurohypophysis represents a true 
honnonal action is due particularly to the work of Ranson and Vemey and their 
respective colleagues A detailed account of this work may be found m renews by 
Pickford (333), and O’Connor (317) 

Lesions Ranson and his co-workers have demonstrated very clearly the effects 
of damage to the neurohypophy^sis or its nerve supply The disturbance to the 
water balance of the body (139, 240, 241, 277) (and restoration of normal balance by 
posterior pituitary extracts), the degenerative changes which occur m the neuro- 
hypophysis and associated hypothalamic nuclei (138, 240, 277, 278) and the hormonal 
content of the atrophic neurohyrjxiphysis (136, 137) and other pomts have been in 
vestigated foUowmg experimental trauma to the hypothalamus or pituitary Their 
work has been made the subject of a monograph (140) The mam conclusions of 
this school are as follows The supraoptico-hypophysial tract regulates the secretion 
of the antidiuretic hormone from the neurohypophysis, the term neurohypophysis 
bemg taken to mclude the median emmence, mfundibular stem and infundibubr 
process Under normal conditions m the mtact animal the activity of the anU 
diuretic hormone is balanced agamst that of the diuretic processes of the body, which 
appear to be influenced by the adenohypophysis If the supraoptico-hypophj^ial 
tract IS mterrupted above the level of the median emmence, secretory activity ceases, 
degeneration and atrophy of the neurohypophysis and major parts of the supraoptic 
nuclei occur, and a state of diabetes msipidus supervenes Extracts of the atrophic 
neurohypophysis show loss of antidiuretic, oxytoac and pressor activity, though the 
melanophore activity is retamed Major dissentients iiom these views have httlt 
sound evidence m their support (307, 308, 309, 310, 412) Some pomts still require 
clarification, such as the part played by the adenohypophysis m the devebpment of a 
maximum diabetes msipidus (an), and the possibility of extra-hypophysial forma 
tion of an antidiuretic prmaple (251, 301, 302) Keller (251) beheves the hypothal- 
amic formation of an antidiuretic substance is a possible explanation of his results, 
m which complete separation of the hypophysis from the hypothalamus did not giv* 
rise to diabetes msipidus It is generally accepted now that denervation of the 
neurohypophysis leads to atrophy of the gland and cessation of secretory activity 
In this respect, Gellhom (161) beheves the neurohypopbysis to be unique among the 
endocrme oi;gans 

Indirect slitmdalion Indirect stimulation of the neurohyjxiphysis either by reflex 
nervous pathways or humorally has been the explanation put forward to account for 
a change m rate of unne flow on the apphcation of many different types of stimuli 

Muscular exercise and emotion For man y years it has been known that muscular 
exercise causes mhibition of a water diuresis Ry^dm and Vemey (362) produced 
evidence that the primary mhibitmg factor is the emotional accomjoaniment of 
exercise They found that denervation of the kidney (see also 254, 255, e,oo) did 
not alter the response, and after excludmg the participation of hemodynaimc factors 
suggested that the antidiuresis is due to some agent humorally conducted to the kid- 
ney Further experiments showed that the adrenal glands were not concerned, that 
the responses to emotional stress and mjection of postenor pituitary extracts were 
closely similar as regards both the unne flow and chlonde and mtrogen excretion by 
the kidney and that removal of the postenor pituitary (318) reduces the mbibition 



Apil 1948 


NEURAL CONTROL OF PITUITARy GLAND 


147 


consaous animal, by vaiymg the mtensity of stimulation These effects were con- 
stant, easily repeatable, and m every way similar to the antidiureses produced by 
mjection of appropriate doses of posterior pitmtary extract. Control experiments 
showed that so far as the nerve fibers m the neurohypophysis were concerned, the 
effective current spread was i mm or less, mdicatmg a very localized stimulus If 
during a water diuresis a given stimulus was repeated the antidiuretic responses 
tended to mcrease The explanation of this phenomenon was not clear for it could 
not be correlated entirely with a diminishing water load A given stimulus repeated 
under identical conditions from day to day gave remarkably constant responses 
Sedative doses of a chloralose-urethane mixture tended to depress the response 
The antidiuresis foUowmg stimulation was unchanged by removal of the left adrenal 
gland and denervation of the ngjit A chlomresis was found to occur concurrently 
with the inhibition of urme flow, the mtensity and duration of the two effects runnmg 
paralleL The chloride concentratmg reaction could also be duphcated exactly by 
mtravenous mjection of piostenor lobe extracts 

{b) Nedsohypophysis and tttp. oterits Lesums Smce Dale (96) first reported 
the oxytoac action of posterior pituitary extracts, many workers have found that 
normal labor may occur after hypophj^sectomy or lesions of the neurohypophj^ 
(121, 252, dog, 4, 299, cat, 328, gumea-pig, 298, ferret, 135, rabbit, 371, 384, rat, 
372, mouse), and the idea became prevalent that the oxj^ac factor was of pharmo- 
cological mterest only Some workers suggested the foetal pitmtaiy may play an 
important part durmg parturition (15) 

Fisher, Magoun and Ranson (141) noticed that pregnant cats which had devebped 
diabetes insipidus followmg mterruption of the supraopbco-hypophysial tract 
edubited disturbances m parturition Of seven animals , four died durmg labor, 
two survived for some days and only one remamed ahve and m good condition The 
dystocia took the form either of total mabihty to dehver the young or a very pro- 
bnged labor The conclusion was drawn that the supraoptico-hypophysial tract 
and neurohypophysis probabty" form an mtegral part of the labor mechanism, and 
previous work showmg normal bbor may occur after hypophysectomy was cntiozed 
on the grounds that most workers had failed to control the folbwmg pomts a) com- 
plete removal of the neurohypopnysis (mcludmg median eminence) demonstrated by 
serial sections after death, b) the presence of at least some secretory tissue of the 
glandular lobe, and c) the duration and normahty of the various stages of bbor 
The statement that dehvery occurred at term was held to be msuffiaent. In a 
further repiort T)ey, Fisher and Ranson (117) confinned their previous findmgs 
They state that with hypothalamic lesions m the supraoptico-hypophysial tract 
shghtly less than one third of then pregnant gumea-pigs were able to dehver then 
young normally, and that about one half of them had a definitely prolonged bbor or 
dehvered then young dead Confirmatory results to the above are given by Pen- 
charz and Long (327) from a study of hypophysectomized rats and by Srmth (385) 
for hypophysectomized monkeys Smith found that of 13 h3ipophysectomized 
pregnant rhesus monkeys, 6 completed pregnancy and had normal babies although 
bbor was prolonged, caesarean operations bemg performed on 3 From this evi- 
dence then. It would seem likely that the maternal neurohypophjisis is mvolved m 
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has been held req)onsible for indirect stimulation of the neurohypophysis, with a 
resultant diuresis (36) S im i l a r results had been obtamed m the frog which responds 
with a loss of body water (37) Electrical stimulation of the vagus nerve m the 
isolated head of the anesthetised dog produced a diuresis and the appearance of an 
antidiuretic substance m the urme H3^ophysectomy abohshed this response, 
which was attributed to reflex secretion of the antidiuretic hormone (75) Sensory 
stimulation of the lumbar area has been shown to inhibit a water diuresis (398), the 
inhibition remammg after renal denervation (400) but not after cautenzabon of the 
pitmtaiy stalk (204) Hare (191) however states that mhibition of a water diuresis 
still ogcurs after hypophy^sectomy or pituitary stalk lesions m response to restraint or 
pamful stimuh Under these circumstances renal clearance tests show the anhdi 
uresis to be due mamly to reduction m the glomerular filtration rate 

Administration of various drugs Injection of morphine (103), barbiturates (104), 
nicotme (58), yohimbme (155), atropme (386) or acetyl-chohne (332) has^een shown 
to mhibit a water diuresis, and there is evidence that this effect is produced by media 
tion of the neurohypophysis 

Direct Stimulation The demonstration that stimulation of the supraoptico- 
hypophjrsial tract causes hberation of the antidiuretic hormone is rendered difiScult by 
the fact that admmistration of anesthetic inhibits a water diuresis Hatenus (204) 
found that of several anesthetics mvestigated, a chloralose-urethane mixture m 
jected mtravenously had least depressant action on a water diuresis Under this 
narcosis, electrodes were mserted mto the region of the pituitary stalk of rabbits by 
means of a stereotaxic mstrument m which the animals’ heads were clamped and 
onentated This manipulation mvanably caused abrupt dimmution m urme flow, 
and subsequent gavage frequently resulted m death However, good diureses were 
eventually obtamed m eight experimental and six control animals Of the eight 
experimental animals, five showed a definite antidiuresis on stunulabon of the 
pituitary stalk and three only a transient depression In one of these three the 
electrodes were foimd at post-mortem to be i to 2 mm lateral to the stalk In the 
SIX control rabbits that had had electrolytic lesions placed m the region of the stalk 
two to four days previously, four faded to show an antidiuresis on stunulabon In 
the two animals m which stunulabon checked the diuresis, autopsy revealed mtact 
pituitary stalks 

In a recent communicabon (199) electncal stunulabon of the neurohypophysis 
and hypothalamus has been mvesbgated with regard to the secrebon of the anb- 
diuretic hormone m the conscious rabbit Unipolar stunulabon was apphed by the 
remote control method, a small coil being buned between the scalp and skull, and an 
msulated electrode earned down through the skull, corpus callosum, hippocampal 
commissure and other median structures mto some part of the hypothalamus or 
jjypophysis Rabbits have been shown to hve normal healthy fives for penods of at 
least three years mth this unit in situ After full recovery from the mitial operation 
and anesthetic, sbmulabon may be performed by placmg the animal’s head m an 
electromagnetic field Repeated experiments may thus be performed on the same 
anunal With the electrode m, or m contact with some part of the supraopbeo- 
hy^pophysial tract, short or long-h\ed anbdmresm could be produced at will, m the 
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consaous annnal, by varying the intensity of stimulation These effects were con- 
stant, easily repeatable, and m every way similar to the antidinreses produced by 
injection of appropriate doses of pmstenor pituitary extract Control eigienments 
showed that so far as the nerve fibers m the neurohypophysis were concerned, the 
effective current spread was i mm or less, mdicatmg a very localized stimuhis If 
dunng a water diuresis a given stimulus was rqieated the antidiuretic responses 
tended to mcrease The explanation of this phenomenon was not clear for it could 
not be correlated entirely with a diminishmg water load A given stimulus repeated 
under identical conditions from day to day gave remarkably constant responses 
Sedative doses of a chloralose-urethane mixture tended to dqiress the response 
The antidiuresis foUowmg stimulation was unchanged by removal of the left adrenal 
gland and denervation of the nght. A chloruresis was found to occur concurrently 
with the inhibition of urme flow, the mtensity and duration of the two effects runnmg 
parallel. The chloride concentratmg reaction could also be duphcated exactly by 
intravenous mjection of posterior lobe extracts 

(6) Nehrohvpofhysis and the trrERXJS Lesums Smce Dale (96) first reported 
the oiytoac action of posterior pitmtaiy extracts, many workers have found that 
normal labor may occur after hypophysectomy or lesions of the neurohypophysis 
(121, 252, dog, 4, 299, cat, 328, gumea-pig, 298, ferret, 135, rabbit, 371, 384, rat, 
372, mouse), and the idea became prevalent that the osytoac factor was of pharmo- 
cobgical mterest only Some workers suggested the foetal pituitary may play an 
unportant part dunng partuntion (15) 

Fisher, Magoun and Ranson (141) noticed that pregnant cats wdnch had developed 
diabetes msipidus foUowmg mterruption of the supraoptico-hypophysial tract 
ediibited disturbances m partuntion Of seven animals, four died dunng labor, 
two survived for some days and only one remained ahve and m good condition The 
dystocia took the form either of total mabdity to dehver the young or a very pro- 
longed labor The conclusion was drawn that the supraoptico-hypophysial tract 
and neurohypoph}^ probably form an mtegral part of the labor mechanism, and 
previous work showmg normal labor may occur after hypophysectomy was cntiozed 
on the grounds that most workers had failed to control the follownng pomts o) com- 
plete removal of the neurohypopnysis (mdudmg median emmence) demonstrated by 
serial sections after death, b) the presence of at least some secretory tissue of the 
glandular lobe, and c) the duration and normahty of the various stages of labor 
The statement that dehvery occurred at term was held to be msuffiaent In a 
further report Dey, Fisher and Ranson (117) confirmed their previous findings 
They state that with hjrpothalanuc lesions m the supraoptico-hypophjfsial tract 
slightly less than one third of their pregnant gumea-pigs were able to dehver their 
young normally, and that about one half of them had a definitely prolonged labor or 
delivered their young dead Confirmatory results to the above are given by Pen- 
charz and long (327) from a study of hypophysectomized rats and by Srmth (385) 
for hypophy^sectomized monkeys Smith found that of 13 hypophy^sectomized 
pregnant rhesus monkeys, 6 completed pregnancy and had normal babies although 
labor was prolonged, caesarean ojierations bemg performed on 3 From thig evi- 
dence then, it would seem likely that the maternal neurohypophysis is mvolved m 
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the process of partuntion, but the fact that some animals with diabetes insipidus 
may dehver their young normally (gumea-pig, 117, dog, 252, and man, 99) r^es 
the evidence not wholly convmcmg Further work on the effect of hypothalamic 
lesions on parturition m different species is needed 
Sitmuhlton It is claimed (77) that stimulation of the central end of the vagus 
m the isolated head preparation of the dog causes reflex liberation of the oxytoac 
factor This was found to have no effect on the dog’s own uterus, but could be de- 
tected m the jugular blood by its action on a gumea-pig uterus Control sera and 
sera obtamed after stimulation m the hyjiophysectomized dog had no effect on a 
gumea-pig uterus Stimulation of the cervical sympathetic m rats has been re- 
ported as increasmg the amount of osytoac factor m the pituitary gland (325) 
Hatenus and Ferguson (206) were the first to mvestigate the effects of faradic 
stimulation of the mfundibular stem on uterme motihty m anesthetized rabbits. 
They found the resjjonse m virgm rabbits to be variable In the postpartum animal, 
stimulation produced an mcrease m uterme activity as shown by mcreased frequency 
and amphtude of contractions This response was simulated closely by an m 
travenous mjection of Titocm,’ and from a comparison of the responses they mferred 
stimulation could cause the hberation of as much as o 5 U of oxytoac substance at 
one tune Spmal transection, section of the splanchnic nerves or vagotomy did not 
abolish the mcreased uterme motihty on stimulation, though an electrolytic lesion 
placed m the pituitary stalk rendered subsequent stimulation of the structure m 
effective In a further study by Ferguson (133) on postpartum cats and rabbits, it 
was diown that m animals m which the neck had been crushed (except the carotid 
arteries, jugular vems and a flap of skm), stimulation of the mfundibular stem still 
evoked an mcrease m uterme activity equivalent to the mjection of o 5 U Titocm 
Vanous observations were adduced showmg that the mcreased activity of the uterus 
was not dependent on an associated rise m blood pressure In one experiment it was 
noted that the uterme response to stalk stimulation was more closely simulated by an 
mjection of Titocm’ than Tituitrm’, and the suggestion was made that on stimula 
tion the pituitaiy hTerates a hormone with relatively httle pressor activity 
The effects of stimulation of vanous parts of the hypophysis and hypothalamus 
have been studied (199) m the unanesthetized rabbit, usmg the remote-control 
method of stimulation and a modification of Reynold’s (349, 350) uterme fistula for 
recordmg uterme activity In animals retammg their ovanes, uterme activity 
shortly after operation was usually that of the oestrous state and a marked mcrease 
m activity would occur m response to stimulation of the neurohypophysis These 
reactions tended to disappear m a few days, possibly because the stimulation also 
caused a release of luteinizing hormone from the adenohypophysis Good standard 
preparations were obtamed, however, followmg ovanectomy and the subcutaneous 
implantation of a tablet of stilboestrol di-n-butyrate Stimulation of the median 
emmence or mfundibular stem m the oestrous or oestrogenized rabbit was shown to 
cause a very marked mcrease m uterme activity The response to a given stimulus 
m the oestrogenized rabbits was very constant from day to day The magnitude 
of the effect could be graded at will by vaiymg the mtensity of the stimulus and 
could be duplicated exactly by the mtravenous mjection of posterior lobe 
extracts m doses up to 200-500 mU Similar stimuh apphed m control rabbits 
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with the electrode tip m the pars distahs below the infundibular stem, m the pos- 
terior part of the tuber cmereum above the infundibular stem, or m the region of the 
paraventricular nucleus were meffective m altenng uterine motihty providmg stimuh 
were apphed at a distance greater than § mm from the supraoptico-h3^ophysial 
tract A further group of control animals m which stimuh were apphed not directly 
to, but within J mm of the ventral, lateral or dorsal sides of the infundibular stem 
showed submaximal mcreases m utenne activity (The magmtude of the anti- 
diuretic responses m these same animals could be correlated m a similar manner 
with the site of stimulation ) The utenne responses to stunulation of the neuro- 
hypophysis and to mtravenous mjection of postenor lobe extract were also observed 
through penods of anoestrus, pseudo-pregnancy and progesterone treatment and 
found to be qualitatively s imilar Deep ether anesthesia inhibited the utenne re- 
sponse to s timula tion markedly, but had much less effect on the response to mjection 
of postenor lobe extract, light anesthesia (mtravenous chloralose-urethane) had 
httle inhibitory effect on the uterme reactions Removal of the left adrenal gland 
and denervation of the right did not alter the uterme response to stimulation of the 
median emmence Administration of adrenahne had an effect on the uterus quah- 
tatively dissimila r to that foUowmg stimulation of the neurohypiophysis or mjection 
of postenor lobe extracts 

The data given above mdicate that, m the rabbit and cat at least, the neuro- 
hypophysis has the potentiahty of secretmg an oxytocic factor mto the bbod 
stream which can exert a marked effect on the uterme musculature The proof 
that this oxytocic prmaple is a true hormone rests on the demonstration that such a 
release and action occur m response to ‘natural’ stimuh It has been suggested 
(199) that the act of coitus, known to stimulate the adenohypophysis of the rabbit, 
stimulates also the neurohypophysis, and thus may mcrease utenne motihty and aid 
sperm transport The fact that stimulation of the vulva of the rabbit mcreases 
uterme motihty (207) and the rate of transmission of fluids up the uterus (256) could 
be adduced as evidence m favor of this view Ferguson (133) has descnbed a reflex 
release of oxytoac substance from the neurohjqxiphysis foUowmg the stimulus of 
distension apphed to vanous parts of the birth canal and has suggested that reflexes 
of this typ»e may play a part m the mechanism of partuntion 

(c) Neuhohypophysis and blood sugar Borchardt (34) first showed that m- 
jection of extracts of the postenor bbe of the pituitary produces a hyperglycemia 
and glycosuria This observation has been confirmed and extended, the general 
conclusions (409) bemg that postenor lobe extracts on mjection will produce a 
moderate hyperglycemia piersistmg for a few hours and often foUowed by a fall m 
blood sugar Most work mdicates the vasopressor prmciple to be the active con- 
stituent of such extracts, although some (130, 225, 230) beheve the oxytoac prmapb 
to be more potent m this respect The doses of extract necessary to produce hyper- 
glycemia are large In the rabbit the foUowmg doses have been used 2—4 U/kgm 
body weight, mtravenous mjection of ‘Post-Lobm (129) , 7 J U jiostenor lobe extract 

mjected mtravenously (66), 20-60 U Tituitrm’ mjected subcutaneously (436) 
Smce the pituitary of the rabbit has been estimated as contammg only i 3-2 5 U of 
the pressor prmaple (381), these doses appear to be outside the physiological range. 
Injunes to the hypothalamus have been stated by different authors to cause 
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the process of parturition, but the fact that some animak with diabetes insipidus 
may dehver their young normally (gumea-pig, 117, dog, 252, and man, 99) makes 
the evidence not wholly convmcing Further work on the eSect of hypothalamic 
lesions on parturition m different speaes is needed 
Sitmulalton It is clauned (77) that stimulation of the central end of the vagus 
m the isolated head preparation of the dog causes reflex liberation of the oxytoac 
factor This was found to have no effect on the dog’s own uterus, but could be de- 
tected m the jugular blood by its action on a gumea-pig uterus Control sera and 
sera obtamed after stimulation m the hj^ophysectomized dog had no effect on a 
gumea-pig uterus Stimulation of the cervical sympathetic m rats has been 
ported as mcreasmg the amount of oi^oac factor m the pitmtary gland (325) 
Hatenus and Ferguson (206) were the first to mvestigate the effects of faradic 
stimulation of the mfundibular stem on uterme motdity m anesthetized rabbits 
They found the response m virgm rabbits to be variable In the postpartum animal, 
stimulation produced an mcrease m uterme acbvity as shown by mcreased frequoicy 
and amphtude of contractions This response was simulated closely by an m 
travenous injection of Titocm,’ and from a comparison of the responses they mferred 
stimulation could cause the liberation of as much as o 5 U of oxytoac substance at 
one tune Spmal transection, section of the splanchnic nerves or vagotomy did not 
abolish the mcreased uterme motihty on stimulation, though an electrolybc lesion 
placed m the pituitary stalk rendered subsequent stimulation of the structure m- 
effective In a further study by Ferguson (133) on postpartum cats and rabbits, it 
was shown that m animals m which the neck had been crushed (except the carotid 
arteries, jugular vems and a flap of skm), stimulation of the mfundibular stem stiD 
evoked an mcrease m uterme activity equivalent to the mjection of o S U Titocm 
Vanous observations were adduced showmg that the maeased activity of the uterus 
was not dependent on an associated rise m blood pressure In one experiment it was 
noted that the uterme response to stalk stimulation was more closely simulated by an 
mjection of Titocm' than Tituitrm’, and the suggestion was made that on stimula 
tion the pituitary liberates a hormone with relatively httle pressor activity 
The effects of stimulation of vanous parts of the hypophysis and hypothalamus 
have been studied (199) in the unanesthebzed rabbit, usmg the remote-control 
method of stimulation and a modification of Reynold’s (349, 350) uterme fistula for 
recordmg uterme activity In animals retammg them ovanes, uterme activity 
shortly after operation was usually that of the oestrous state and a marked mcrease 
m activity would occur m response to stimulation of the neurohypophysis These 
reactions tended to disappear m a few days, possibly because the stimulation also 
caused a release of lutemizmg hormone from the adenohypophysis Good standard 
preparations were obtamed, however, foUowmg ovanectomy and the subcutaneous 
implantation of a tablet of stilboestrol di-n-butyrate Stimulation of the median 
emmence or mfundibular stem m the oestrous or oestrogenized rabbit was shown to 
cause a very marked mcrease m uterme activity The response to a given stimulus 
m the oestrogenized rabbits was very constant from day to day The magnitude 
of the effect could be graded at will by varymg the mtensity of the stimulus and 
could be duplicated exactly by the mtravenous mjection of posterior lobe 
extracts m doses up to 200-300 mU Si m ila r sUmuh apphed m control rabbits 
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Total hypophysectomy results m a fall of blood pressure in the rat (260, 443) and 
dog (39), but removal of the pars neurahs alone (39, 443) does not produce hypoten- 
sion In view of these results it might be expected that lesions m the nerve supply 
of the neurohypophysis would affect the blood pressure httle, if at aU Section of the 
pitmtary stalk m a case of malignant hypertension produced a marked reduction m 
blood pressure (346), but the significance of this case is doubtful, the result possibly 
being secondary to vascular damage to the pars distahs In dogs showmg expen- 
mental hypertension of the Goldblatt type, lesions m the supraoptico-hypophysial 
^tem produced a fall m mean blood pressure (364), and one normal dog m which 
the median emmence was sectioned showed a fall of blood pressure for one month 
folbwed hy a return to normal levels, though a marked polyuria was mam tamed 
The evaluation of these results is difficult 
Stunulabon of the neurohypophysis by reflex pathways has been held responsible 
for the pressor response m the trunk produced by stimulation of the central end of 
the vagus nerve m the isolated head of the dog (74) This rise was abohshed by 
cuttmg the pitmtary stalk or by hypophysectomy and was duphcated by the m- 
travenous mjection of 100 mU ‘Pitressm’ (see also 363) An attempt to trace the 
nervous pathway mvolved has been made (234) Similar reactions have also been 
obtamed m the toad, turtle, chicken, duck, rabbit and cat, but not the snakefish (273) 
Stimulation of other cranial nerves (olfactory, optic, hngual, vestibular, glosso- 
pharyngeal and hypogbssal) also produces, m the dog preparation, shght pressor 
responses abohshed by hypophysectomy (235) Repeated stimulation of the central 
vagus causes exhaustion of the pressor response which returns with rest. These 
changes have been correlated with the exhaushon and reappearance of granules m 
pitmcytes (76), but m view of the work of Hickey, Hare and Hare (218), the sig- 
nificance of granules is open to doubt That the arterial hypertension due to 
stimulation of the central v^us is abohshed by hypophysectomy has been denied 
(293) and partially confirmed (363) It has been suggested that thermal trauma, 
which ehats a pressor response, may activate the neurohypophysis (324) 

Direct electrical stimulation of the pitmtary gland or its hypothalarmc nerve supi- 
pty has been mvestigated with regard to a piossible pressor response Cyon (93, 94, 
9S) one of the first workers to stimulate the pitmtary gland directly reported a 
bradycardia and rise m blood pressure as resultmg from mechamcal and electrical 
stimulation of the gland Stimulation of the supraoptic region of the anterior 
hypothalamus of the anesthetized spmal cat was reported by Clark antj Wang (79) 
to give a pressor response The characters of this response were a long latent period, 
a slow smooth rise of about 30 mm Hg, and a duration of approximately two to four 
mmutes, mdicatmg the possibdity that the response was activated humoraUy through 
the supraoptico-hypophysial tract and the neurohypophysis These results have 
been confirmed, strikmg elevations m blood pressme bemg obtamed on bipiolar stimu- 
lation of the infimdibuhim m an ima ls with crushed spmal cords (Sattler, 363) 
Ferguson (133) records s mall rises m blood pressme on stunulatmg the pitmtary 
stalk m rabbits and cats anesthetized with chloralose-urethane and m which vascular 
connections only r emain ed between the head and trunk In some cases the pressor 
response was very shght (see his fig 2), although the oxytoac effect of the stimulus 
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both hyperglycemia or h3^oglycemia If these changes m blood sugar are mediated 
via the pituitary gland, it would seem hkely that they are related to the activity of 
the adenohypophysis rather than the neurohypophysis and will be discussed further 
below Keller (250), however, suggests that the decreased tolerance to msulin found 
m cats with large hypothalamic lesions is due to lack of secretion by the neuro- 
hypophysis 

Electrical stimulation of the cervical sympathetic system, or h^'pophjais itself, 
has been descnbed by many workers as causmg a glycosuria or h3T)erglyceima 
Weed, Cushmg and Jacobson (423) claimed stimulation of the hypophysis produced 
a glycosuria m cats and dogs, even after pr elimin ary transection of the spmal cord 
and cervical sympathetic trunk, and that stimulation of the superior cervical ganghon 
m cats, rabbits or dogs by faradization or by the manipulation necessary for its ex- 
posure likewise resulted m a glycosuria This latter reaction r emain ed after section 
of the cervical sympathetic trunk, spmal cord and vagi but was abolished by removal 
of the postenor lobe of the pitmtary They suggested the mfundibular process is 
innervated by the supenor cervical ganghon, and that stimulation of any part of this 
mechanism hberates posterior lobe hormone so producmg a glycogenolysis Duect 
stimulation of the pituitary gland has been described by Keeton and Becht (249) as 
causmg a glycosuria, abolished by previous section of the splanchmc nerves, and by 
Ingram and Bams (238) as causmg a glycosuria often accompamed by a diuresis 
Hams (199) found that stimulation of various regions of both the neurohypopbj'Sis 
and adenohypophysis of the unanesthetized rabbit by the remote-control method 
failed to produce a hyperglycemia or diuresis that could be ascnbed to pitmtary 
activation, and suggested that the results of previous workers had been comphcated 
by the administration of an anesthetic That stimulation of the cervical sympathetic 
system causes a glycosuria or hyperglycemia has been confirmed (100, 233, 376) 
denied (219, 342) These experiments were all performed under anesthesia, except 
those of Rabens and Lifschitz (342) who cntioze the results of previous workers as 
bemg due to prolonged anesthesia Stimulation of the central end of the cut vagus 
nerve has also been reported to cause hyperglycemia due to reflex exatahon of the 
neurohypophysis (233) 

There is httle evidence that the neurohypophysis play^ a physiobgical r 61 e m the 
regulation of blood sugar 

(d) Neurohypophysis akd blood pressure In 1899 Ohver and Schafer (323) 
reported that mjection of pituitary extracts mto anesthetized animals raised the 
blood pressure Howell (231) showed the active pnnople was contamed m extracts 
prepared from the postenor lobe and not from the antenor lobe of the pituitary 
gland As is well known, these observations have been amply confirmed, and a 
transient depression of blood pressure, which often precedes the more prolonged rise 
foUowmg mjection, has been ascribed to a constnction of the coronary artenes with 
impairment of the heart’s action and dimmution m cardiac output (303 and others) 
Injection of whole or fractionated postenor lobe extracts m unanesthetized animals or 
man is commonly stated to lower the ^tohc blood pressure and cardiac output, 
effects which are attnbuted to coronary constnction and reflex nervous actiwty 
(181, 182, 183), but pressor responses are also descnbed (198, 367) 
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Total hypophysectomy results m a fall of blood pressure m the rat (260, 443) and 
dog (39), but removal of the pars neurahs alone (39, 443) does not produce hypoten- 
sion In view of these results it might be expected that lesions m the nerve supply 
of the neurohypophysis would affect the blood pressure httle, if at all Section of the 
pituitary stalk m a case of malignant h3T)ertension produced a marked reduction m 
blood pressure (346), but the significance of this case is doubtful, the result possibly 
being secondary to vascular damage to the pars distahs In dogs showmg experi- 
mental hypertension of the Goldblatt t5^e, lesions m the supraoptico-h3rpoph3^sial 
system produced a faU m mean blood pressure (364), and one normal dog m which 
the median emmence was sectioned showed a faU of blood pressure for one month 
foUowed by a return to normal levels, though a marked pol3mna was mamtamed 
The evaluation of these results is difficult 
Stimulation of the neurohypophysis by reflex pathways has been held responsible 
for the pressor response m the trunk produced by stimulation of the central end of 
the vagus nerve m the isolated head of the dog (74) This rise was abolished by 
cuttmg the pituitary stalk or by hypoph3rsectomy and was duphcated by the m- 
travenous mjection of 100 mil ‘Pitressm’ (see also 363) An attempt to trace the 
nervous pathway mvolved has been made {234) Similar reactions have also been 
obtamed m the toad, turtle, chicken, duck, rabbit and cat, but not the snakefish (273) 
Stimulation of other cranial nerves (olfactory, optic, hngual, vestibular, glosso- 
pharyngeal and hypoglossal) also produces, m the dog preparation, shght pressor 
responses abohshed by h3rpophysectomy (235) Repeated stimulation of the central 
vagus causes exhaustion of the pressor response which returns with rest. These 
changes have been correlated with the exhaustion and reappearance of granules m 
pitmcytes (76), but m view of the work of Hickey, Hare and Hare (218), the sig- 
nificance of granules is open to doubt That the arterial hypertension due to 
stimulation of the central vagus is abohshed by hypophysectomy has been demed 
(293) and partialfy confirmed (363) It has been suggested that thermal trauma, 
which ehats a pressor response, may activate the neurohypophysis (324) 

Direct electrical stimulation of the pitmtary gland or its hypothalamic nerve sup- 
ply has been mvestigated with regard to a piossible pressor response Cyon (93, 94, 
9S) one of the first workers to stimulate the pituitary gland directly reported a 
bradycardia and rise m blood pressure as resultmg from mechanical and electrical 
stimulation of the gland Stimulation of the supraoptic region of the antenor 
hypothalamus of the anesthetized spmal cat was reported by Clark anij Wang (79) 
to give a pressor response The characters of this response were a long latent period, 
a slow smooth rise of about 30 mm Hg, and a duration of approximately two to four 
mmutes, mdicatmg the possibihty that the response was activated humo rally through 
the supraoptico-hypophysial tract and the neurohypophysis These results have 
been confirmed, stnkmg elevations m blood pressure bemg obtamed on bipolar stimu- 
lation of the infundibulum m animals with crudied spmal cords (Sattler, 363) 
Ferguson (133) records small rises m blood pressure on stunulatmg the pitmtary 
stalk m rabbits and cats anesthetized with chloralose-urethane and m which vascular 
connections only remamed between the head and trunk In some cases the pressor 
response was very shght (see his fig 2), although the oxytoac effect of the stimulus 
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both hyperglycemia or hypoglycemia If these changes m blood sugar are mediated 
via the pituitary gland, it would seem likely that they are related to the activitj of 
the adenohypophysis rather than the neurohypophysis and will be discussed further 
below Keller (250), however, suggests that the decreased tolerance to insulm found 
m cats with large hypothalamic lesions is due to lack of secretion by the neuro- 
hypophysis 

Electncal stimulation of the cervical sympathetic q^stem, or hypophj’sis itself, 
has been described by many workers as causmg a glycosuria or hyperglycemia 
Weed, Cushing and Jacobson (423) claimed stimulation of the hypophysis produced 
a glycosuria m cats and dogs, even after prehmmary transection of the spmal cord 
and cervical sympathetic trunk, and that stimulation of the supenor cervical ganglion 
m cats, rabbits or dogs by faradization or by the manipulation necessary for its ex 
posure likewise resulted m a glycosuria This latter reaction remamed after section 
of the cervical S3rmpathetic trunk, spmal cord and vagi but was abolished by removal 
of the pmstenor lobe of the pitmtary They suggested the mfundibular process is 
innervated by the supenor cervical ganghon, and that stimulation of any part of this 
mechanism hbeiates postenor lobe hormone so producmg a glycogenolysis Direct 
stimulation of the pituitary gland has been described by Keeton and Becht (249) “ 
causmg a glycosuria, abolished by previous section of the splanchmc nerves, and by 
Ingram and Bams (238) as causmg a glycosuria often accompanied by a diuresis 
Hams (199) found that stimulation of vanous regions of both the neurohypophysis 
and adenohypophysis of the unanesthetized rabbit by the remote-control method 
failed to produce a hyperglycemia or diuresis that could be ascribed to pituitary 
activation, and suggested that the results of previous workers had been comphcated 
by the admmistration of an anesthetic That stimulation of the cervical sympathetic 
system causes a glycosuria or hyperglycemia has been confirmed (100, 233, 37^) 
denied (219, 342) These experiments were all performed under anesthesia, except 
those of Rabens and Lifschitz (342) who cntioze the results of previous workers as 
bemg due to prolonged anesthesia Stimulation of the central end of the cut vagus 
nerve has also been reported to cause hyperglycemia due to reflex exatation of the 
neurohypophysis (233) 

There is httle evidence that the neurohypophysis plays a physiological r 61 e m the 
regulation of blood sugar 

(d) Neurohypophysis and blood pressure In 1899 Ohver and Schafer (323) 
reported that mjection of pituitary extracts mto anesthetized animals raised the 
blood pressure Howell (231) showed the active pnnaple was contamed m extracts 
prepared from the postenor lobe and not from the antenor lobe of the pituitary 
gland As is well known, these observations have been amply confirmed, and a 
transient depression of blood pressure, which often precedes the more prolonged rise 
followmg mjection, has been ascnbed to a constnction of the coronary artenes with 
impairment of the heart’s action and dunmution m cardiac output (303 and others) 
Injection of whole or fractionated postenor lobe extracts m unanesthetized anunals or 
IS commonly stated to lower the systohc blood pressure and cardiac output, 
effects which are attnbuted to coronary constncUon and reflex nervous activity 
(iSi, 182, 183), but pressor responses are also descnbed (198, 367) 



April ip4S 


NEURAL CONTROL OF PITUITARY GLAND 


IS3 

mailed mcrease m the visible waves occuis m the right lumbar and umbihcal areas, 
that IS, m the regions overlymg the colon and cecum This mcrease occurs after a 
latent penod of about thirty seconds and persists for many mmutes On stimulation 
of the median emmence or mfundibular stem a similar mcrease m peristalsis was 
observed This response had a somewhat longer latent penod (30-90 seconds), 
thou^ m other respects it was s imila r to that followmg mjection of postenor lobe 
extracts m doses less than 100 mU In these experiments the stimulus spread, with 
regard to the supraoptico-hypophysial tract, was less than i mm It is possible then, 
that colonic activity m the rabbit may be exated humorally by the neurohypophysis, 
which IS m turn imder the neural control of the hypothalamus 

3 Nature of the Substance Liberated from the Neurohypophysis on Electrical Stimulation 
of the Supraoptico-hypophysial Tract 

The nature of the secretory product of the neurohypoph5^is has been discussed 
for many years Early views have been summarized (247) The view that the gland 
secretes more than i active pnnaple (multiple hormone theory) has been strongly 
contested by Abel and his co-workers (i, 2), who support the ‘unitary theory’ that 
the gland secretes a smgle specific substance with multiple actions Two closely 
related problems are mvolved, first the nature of the substance(s) elaborated and 
stored by the gland and second the nature of the substance(s) hberated from the 
gland mto the blood stream Van Dyke, et al (410) have isolated a protem from the 
dned postenor lobe of frozen gland material which behaves as a homogenous sub- 
stance to solubihty, electrophoresis and ultra-centnfugation tests, and which pos- 
sesses oxytoac, pressor and anti-diuretic activities m the same proportion as those of 
the U S P reference standard These authors suggest that even if the pars neurahs 
elaborates a smgle protem with multiple activities, it is possible that specific enzymes 
liberate active fragments of the parent molecule mto the blood stream, dependmg 
upon the requirements of the organism As is well known postenor lobe extracts 
may be fractionated mto preparations showmg a high degree of separation of pressor 
and oxytoac activities (242, 247, 388) The pressor pnnaple is usually considered 
responsible for the renal action of extracts, but accordmg to Heller (212) some 
separation of these activities is also possible Fraser (146) mamtams that the hy- 
drolysis, as used by Heller, mvolves no real change m the ratio of antidiuretic and 
pressor activity 

A few observations mdicate that the substance(s) liberated from the neurohy- 
pophysis on stimulation of its nerve supply exert relatively less pressor (or anti- 
diuretic) activity as compared with oxytoac, than do whole postenor lobe extracts 
Ferguson (133) noted m one experiment that stimulation of the pitmtary stalk was 
more comparable m its proportionate effects on the uterus and blood pressure of the 
anesthetized amm a l to one U ‘Pitoon’ than one U ‘Pituitrm’ In other expen- 
ments he noted the uterme contraction ehated by stimulation of the stalk was quah- 
tatively s imila r to that produced by mjection of “Pitocm’ rather than ‘Pitmtnn’ 
He concluded that stimulation of the pitmtary stalk liberates a hormone from the 
neurohypophysis with httle pressor activity Hams (199) has found that stimula- 
tion of the median emmence or mfundibular stem m rabbits causes a substance to be 
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was well marked In view of the different effects recorded following injection of 
pituitary extracts mto anesthetized and unanesthetized animals, observations were 
made (201) on the response of the consaous rabbit to mjechon of postenor pituitary 
extract and remote control stimulation of the pituitary stalk, using Grant’s capsule 
(167) for recordmg the blood pressure The unanesthetized rabbit exhibits a pressor 
response on mtravenous mjection of 'Pituitnn', and on stimulation of the infundibular 
stem shght pressor responses (less than those evoked by roo mU of ‘Pituitnn’ in 
jected mtravenously) of a similar type were obtamed 

(e) Neurohypophysis and intestinal peristalsis There are few subjects in 
the hterature on which more discordant results have been recorded than the effects 
of postenor pituitary extract on mtestmal motihty, and there would seem httle jus- 
tification at the present tune for correlatmg results obtamed by m vitro expemnents 
on isolated mtestmal segments, and m vivo experiments performed with and without 
the use of anesthetics on a vanety of animal speaes and with a wide variation in 
dosage of extracts used 

There is some evidence available, however, concemmg the effects of stimulation of 
the neurohypophysis or its nerve supply on mtestmal motihty Wang, Clark, Dey 
and Ranson (421) found that electncal stimulation of the region anterior to the 
mfundibulum of the anesthetized cat produced an excitation of gastro mtestmal 
motihty This response had a long latent penod, persisted for several mmutes after 
cessation of the stimulus, was not abolished by sectionmg the vagi, but was seen m 
shght form m only 4 out of ii cats after sectionmg the spmal cord In view of this 
last observation the authors were unwilhng to emphasize the participation of the 
neurohypophysis m the reaction Vagal effects on mtestmal motihty, observed 
when the hypothalamus, at or behmd the infundibular level, was stimulated, were 
more immediate m onset and completion Relative to these results are those of 
Steggerda, Gianturco and Essex (387), who found the threshold dose to activate the 
colon of the consaous cat was two to three pressor units mjected mtravenously and 
that no reqionse was obtamed after mjection of Titocin’ or ‘Pituitnn’ Wang el 
(421) found mtestmal motihty mcreased m three out of five cats after mjection of 
four pressor units Assays of the pressor content of the cat’s neurohypophysis have 
been estimated at about 6 pressor units (140) and 5 6-13 r pressor units (381) H 
would seem possible then for the gland of this animal to secrete a suffiaent amount 
of pressor factor to activate the mtestmes, but the emdence that this occurs is mcora 
plete, smce Ferguson (133) found the response to stimulation of the pituitaiy'' stalk 
m cats was about equivalent to that obtamed by mjection of ^ U ‘Pitocm’ and that 
the secrebon appeared to have relabvely less pressor than oxytocic acbvity 

In the case of the rabbit, it has been shown that the colon is the most sensibve 
part of the alimentary canal to the acbon of jiostenor lobe extracts, and that the 
pressor rather than the oxjrtoac is the acbve fracbon (158, 304) The effect 0 
stimulation of the mfundibular stem and median emmence on mtestmal peristalsis 
has been studied m the unanesthetized rabbit (201) It was found that the p^ 
istalbc waves as observed through the mtact abdommal wall of the unanesthetized 
rabbit bed m the supme posibon are small m amplitude and mfrequent or, more 
usually, absent On mtraxenous mjecbon of postenor lobe extract (50-500 mU), a 
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SO that variation m the seasonal environment produces a corresponding adaptation 
m the reproductive processes One example of this phenomenon is the change-over 
that occurs m the oestrous cycle of some mammals after transference across the equa- 
tor (287) The active factors of the general environmental pattern are in many 
cases doubtfuL Light has been shown to be a potent stimulus to the sexual processes 
m some fishes, amphibians, reptiles and many birds and mamma ls (289) Among 
the common mammals the reproductive rhythm of the mouse (9, 175)1 r3.t (55, 109, 
142, 337, 404), ferret (23), hedgehog (3), cotton-tailed rabbit (28), cat (loi), raccoon 
(27), goat (26) and sheep ( 470 ) is sensitive to changes m hght exposure, while that of 
the adult cotton rat (306), squnrel (246, 426), gumea-pig (107) and rabbit (382) is not. 
Other environmental factors which may alter the reproductive processes m mammals 
and birds are temperature and humidity (10, 32, 261, 287, 427), visual stimuh (295) 
and tactile or propnoceptive stimuh (393) The relative constancy of the number of 
eggs m a clutch for any particular speaes of bird, and the repeated laymg of the bird 
if by removal of eggs from its nest it is prevented from attammg its usual quota (2 89), 
agam pomt to an mfl-uence of visual or tactile stimuh on the adenohypophysis 
Deschn (112) beheves that the act of sucklmg exerts a direct influence on the basophil 
cells of the maternal pitmtary and consequently on its gonadotropic activity 
The presence of a sterile mate or companion of the same sex may exert a marked 
eSect on the sexual rhythm Exteroceptive stimuh of vanous Lmds would appear 
to be mvolved Olfactory and auditory stimuh probably play a part m some forms 
(59), though httle is known about these Brooks (49) showed that removal of the 
olfactory lobes and neocortex or destruction of the labyrmths and cochleae m the 
female rabbit does not prevent matmg and subsequent ovulation, but that ablation 
of the neocortex and olfactory bulbs m the male rabbit permanently abolishes matmg 
behavior Tactile or propnoceptive stimuh appear significant m many forms, but 
especially m those animals which ovulate only after sexual excitement or matmg 
[inz rabbit (208), ferret (187, 285), cat (102, 271), ground-squirrel (145), short-tailed 
shrew (326) and mmk (189)), though the work of Brooks (49) on the rabbit mdicates 
that the stage of sexual excitement necessary to ehat discharge of the pituitary secre- 
tion may be produced by stunuh from a vanety of sensory end organs For a review 
of the factors underlying sexual behaviour m mammals see Beach (14) The sight of 
another animal is occasionally suffiaent to produce ovulation m the rabbit, and more 
particularfy, m the pigeon In the latter case even the reflected image from a mirror 
may produce the same result m the isolated bird (295) The sex display of man y 
birds probably affords another example of this tjqie Marshall (286, 288) has sug- 
gested that the mam function of visual stimuh m the form of sex display and court- 
ship phenomena among vanous classes of animals is to promote an effective synchro- 
nizabon of the male and female sexual processes, thus favormg successful procreation 
He suggests this synchronization is mamly effected by pituitary stimulation through 
the mtermediation of the hvpothalamus 

(li) Breasts, ihyrtnd, adrenals The mamtenance of milk secretion by the mam- 
mary glands is largely dependent on the exteroceptive stimulus of vigorous sucklmg 
( 373 i 374) Smce there is endence that afferent nervous pathways from the nipples 
are mvolved (see below) and that the breast lacks a secreto-motor nerve supply, the 
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liberated from the iieurohypoph3^is which possesses less antidiuretic in proportion 
to osytoac activity than vanous standard unfractionated extracts Stimulation 
was performed m the unanesthetized state, the antidiuretic and oi^toac activities 
bemg measured simultaneously and compared with similar responses evohed bj 
mtravenous mjection of postenor lobe extracts mto the same animals 0%'er a senes 
of days Also the closer correspondence between the utenne contraction produced 
by stalk stimulation and mjection of Titocm’ rather than Tituitnn’ was confirmed 
Injection of ‘Pituitnn’ caused a greater degree of inhibition of utenne activity follow 
mg the mitial contracbon than either of the other two procedures, this probably being 
due to the higher pressor content producmg spasm of the utenne vessels (31 1) It 
has also been found (201) that, whereas stimulabon of the mfundibular stem or 
median eminence produces an oxytoac acbon equivalent to about 250 mU of pos- 
tenor lobe extract, similar stimulabon produces an effect on the blood pressure and 
mtesbnal peristalsis less than that evoked by 100 mU of such extracts On the 
assumpbon that the pressor and anbdiurebc acbvibes run parallel, and that the ac- 
bon on mtesbnal motility is due to the pressor pnnaple, there would seem to be sub- 
stantial evidence for the behef that the secrebon of the neurohypophysis produced by 
stimulabon of the supraopbco-hypoph}rsial tract m the rabbit possesses relatively 
low pressor acbvity 

Recently it has been shown (201) that the reacbons of the oesbogemzed uterus, 
followmg mtravenous mjecbon of a solubon contammg Titocm’ and Tibessin', 
gives a roughly quanbtabve assay of the Titocm’ Titressm’ content of such mw 
tures The Titocm’ content is related to the mitial uterme contracbon and the 
Tibessm’ content to the subsequent inhibitory phase One nunute stimulation of 
the mfundibular stem by the remote control method m the rabbit produces a secre- 
bon equivalent (m acbon on the uterus) to a mixture of 250 mil Titocm’ and 50-100 
mlJ Titressm ’ One hour after mtravenous admmistration of hypertonic saline, a 
similar stimulus produces a secrebon equivalent to about the same amount of 
Titocm’ but less Titressm ’ After various conbol procedures the most likelj 
explanabon appears to be that the mjecbon of hypertonic sahne has depleted the 
neurohypophysis of its pressor content, but not the oxytocic 

ADENOHYTOPHli SIS 

I Evidence Thai the Adenohypophysis Is under Neural Control 

There is much evidence that the adenohypophysis is under neural control but onij 
conflicbng evidence regardmg the presence of a durect secreto-motor nerve suppl> to 
the gland 

The evidence that the nervous ^tem affects the secretorj' activity of the pars 
distahs of the hypophysis may be conveniently summarized as follows 

(a) Indirect EVIDENCE Exteroceptive factors which act upon the n’ervous 
SYSTEM AFFECT ORGANS IN WHICH DIRECT NERVOUS CONTROL IS UNLIKELI, BUT 
which are KNOWH TO BE INFLUENCED BY PITUITARY HORMONES (l) Goiiads The 
effects of exteroceptn e stunuh on the reproductn e processes of \ ertebrates hav e been 
the subject of se\ eral recent reviews (25, 2S6, 2S8, 361 and especially 289) The m- 
trmsic sexual rhythm is m many vertebrates adjusted to external seasonal changes. 
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so that variation m the seasonal environment produces a corresponding adaptation 
in the reproductive processes One example of this phenomenon is the change-over 
that occurs m the oestrous cycle of some mammak after transference across the equa- 
tor (287) The active factors of the general environmental pattern are m many 
cases doubtful Li^t has been shown to be a potent stunulus to the sexual processes 
m some fishes, amp hibians , reptiles and many birds and mammals (289) Among 
the common mammals the reproductive rhythm of the mouse (9, 175), rat (55, 109, 
142, 337, 404), ferret (23), hedgehog (3), cotton-tailed rabbit (28), cat (loi), raccoon 
(27), goat (26) and sheep ( 470 ) is sensitive to changes in hght exposure, while that of 
the adult cotton rat (306), squirrel (246, 426), gumea-pig (107) and rabbit (382) is not 
Other environmental factors which may alter the reproductive processes m mammals 
and birds are temperature and humidity (10, 32, 261, 287, 427), visual stimuh (295) 
and tactile or propnoceptive stimuh (393) The relative constancy of the number of 
eggs m a clutch for any particular speaes of bird, and the repeated laymg of the bird 
if by removal of eggs from its nest it is prevented from attammg its usual quota (289), 
agam pomt to an influence of visual or tactile stimuh on the adenohypophysis 
Deschn (112) beheves that the act of sucklmg exerts a direct mfluence on the basophil 
cells of the maternal pitmtary and consequently on its gonadotropic activity 
The presence of a sterile mate or companion of the same sex may exert a marked 
effect on the sexual rhythm. Exteroceptive stimuh of vanous kmds would appear 
to be mvolved Olfactory and auditory stimuh probably play a part m some forms 
(S9), though httle is known about these Brooks (49) showed that removal of the 
olfactory lobes and neocortex or destrucbon of the labynnths and cochleae m the 
female rabbit does not prevent matmg and subsequent ovulation, but that ablation 
of the neocortex and olfactory bulbs m the male rabbit permanently abolishes matmg 
behavior Tactile or propnoceptive stimuh appear significant m man y forms, but 
especially m those animals which ovulate only after sexual exatement or matmg 
[viz rabbit (208), ferret (187, 285), cat (102, 271), ground-squirrel (145), short-tailed 
shrew (326) and mink (189)], though the work of Brooks (49) on the rabbit mdicates 
that the stage of sexual excitement necessary to ehcit discharge of the pitmtary secre- 
tion may be produced by stunuh from a vanety of sensory end organs For a review 
of the factors underlying sexual behaviour m mammals see Beach (14) The sight of 
another anima l is occasionally suffiaent to produce ovulation m the rabbit, and more 
particularly, m the pigeon In the latter case even the reflected image from a mir ror 
may produce the same result m the isolated bud (295) The sex display of many 
buds probably affords another example of this type Marshall (286, 288) has sug- 
gested that the mam function of visual stimuh m the form of sex display and court- 
ship phenomena among vanous classes of animals is to promote an effective symchro- 
nization of the male and female sexual processes, thus favonng successful procreation 
He suggests this symchronization is mamly effected by pituitary stimulation through 
the mtermediation of the hypothalamus 

(li) Breasts, thyroid, adrenals The mamtenance of milk secretion by the mam- 
mary glands is largely dependent on the exteroceptive stimulus of vogorous sucklmg 
(373? 374) Smce there is eiudence that afferent nervous pathway's from the nipples 
are mvolved (see below) and that the breast lacks a secreto-motor nerve supply, the 
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liberated from the neurohypophysis which possesses less antidiurebc in proportion 
to oxytoac activity than various standard unfractionated extracts Stimulation 
was performed m the imanesthetized state, the antidiuretic and oxytoac activities 
being measured simultaneously and compared with sunilar respionses evoked b) 
mtravenous mjection of postenor lobe extracts mto the same animals over a senes 
of days Also the closer correspondence between the uterme contraction produced 
by stalk stimulation and mjection of ‘Pitocm’ rather than ‘Pituitrm’ was confirmed 
Injection of Tituitrm’ caused a greater degree of inhibition of uterme acbvity follow 
mg the mitial contraction than either of the other two procedures, this probably being 
due to the higher pressor content producmg spasm of the uterme vessek (311) It 
has also been found (201) that, whereas stimulation of the mfundibular stem or 
median emmence produces an oxytoac action equivalent to about 250 mU of pos- 
tenor lobe extract, similar stimulation produces an effect on the blood pressure and 
mtestmal peristalsis less than that evoked by 100 mU of such extracts On the 
assumption that the pressor and antidiuretic activities run parallel, and that the ac- 
tion on mtestmal motility is due to the pressor prmaple, there would seem to be sub- 
stantial evidence for the behef that the secretion of the neurohypophysis produced by 
stimulation of the supraoptico-hypophysial tract m the rabbit possesses relatively 
low pressor activity 

Recently it has been shown (201) that the reactions of the oestrogemzed uterus, 
followmg mtravenous mjection of a solution contammg Titocm’ and ‘Pitressui, 
gives a roughly quantitative assay of the 'Pitocm' Titressm' content of such mix 
tures The Titocm’ content is related to the mitial uterme contraction and the 
Titressm’ content to the subsequent inhibitory phase One mmute stimulation of 
the mfundibular stem by the remote control method m the rabbit produces a secre- 
tion equivalent (m action on the uterus) to a mixture of 250 mU Titocm’ and so"io° 
mU Titressm ’ One hour after mtravenous admmistration of hypertonic saUne, a 
similar stimulus produces a secretion equivalent to about the same amount of 
Titocm’ but less Titressm ’ After vanOus control procedures the most likelj 
explanation appears to be that the mjection of hypertonic salme has depleted the 
neurohypophysis of its pressor content, but not the oxytocic 

ADENOHYPOPHYSIS 

I Evidence That the Adenohypophysis Is under Neural Control 

There is much evidence that the adenohypophysis is under neural control but onlj 
conflictmg evidence regardmg the presence of a dnect secreto-motor nerve supply to 
the gland 

The evidence that the nervous system affects the secretory activity of the pars 
distahs of the hypophysis may be conveniently summarized as follows 

(a) Indirect EVIDENCE Exteroceptive factors which act upon the nervous 

SYSTEM affect ORGANS IN WHICH DIRECT NERVOUS CONTROL IS DNTIKELY, BUT 
which are known TO BE INFLUENCED BY PITUITARY HORMONHS (l) Gotiads The 
effects of exteroceptiY e stunuh on the reproductive processes of \ ertebrates have been 
the subject of several recent reviews (25, 286, 288, 361 and especially 289) The m 
trmsic sexual rhythm is m many vertebrates adjusted to external seasonal changes, 
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Tiiign underlies these cases, as suggested above to explain pubertas praecox with 
hypothalanuc lesions 

(c) Evidence derived eeom the study of hypophysial transplants In 
studying the replacement capaaty of hypophj^sial grafts m hypophysectomized ani- 
mals, attention should be paid to the foUowmg points First, the grafted tissue should 
be situated at a distance from the normal site of the gland thus obviating the dan- 
ger of vascular or nervous repair, second, the studies should be extended over a period 
suffiaent to ensure that any effects observed are due to functional activity of the 
transplant, and not to absorption of an implant, and third, serial sections through 
both the transplant and seUa turaca with surroundmg tissue are necessary to con- 
trol the activity of the graft and the complete removal of the pitmtaiy 
The male reproductive organs m hy^xipliJ^^tomized animals are reported to be 
maintamed or restored to function by^ ocular grafts of the pitmtary m rats (296) and 
(mcompletely hypophysectomized) mice (221) by transplants m the sella turaca m 
rats (91, 174) and by ocular transplants m rats (91) and gumea-pigs (369) Cutuly 
(91) obtamed fertile matmgs from two male rats 200 and 209 days after hypophysec- 
tomy and transplantation, m spite of the fact that the tesbcular weights of his experi- 
mental animals were all below the average 
In hypophysectomized female rats, pituitary transplants have produced mconstant 
effects on the reproductive organs Martms (294) foimd only i out of 4 animals 
exhibited oestrous changes, and these cycles were irregular May (297) obtamed 
normal oestrous cycles with ocular transplants, but these cycles were not entirely 
due to the transplants, for removal of the eyeball bearmg the grafted tissue did not 
immediately result m their loss Creep (174) has reported normal reproductive 
processes (oestrous cycles, pregnancy, partuntion and lactation) m rats bearmg trans- 
plants m the seUa turcica Loss of oestrous cycles m hypophysectomized rats bear- 
mg mtramuscular (330) or ocular (92, 431) transplants has been rqmrted more re- 
cently Hjrpophy^sectomized female gumea-pigs bearmg ocular pituitary transplants 
show folhcular development, hypertrophy of the uterus and proliferated mammary 
glands, though cychcal activity is lackmg and a state of constant oestrus finally mter- 
venes (368) It is pierhaps significant that the most complete replacement of pitui- 
tary function was that obtamed by Creep (174) with grafts m the seUa turaca, a 
position m which regeneration of nervous or vascular connections may pmssibly occur 

An mcrease m body weight foUowmg transplants m hypophysectomized animals 
has been reported by several observers (91, 174, 296, 368, 369, 431), though m most 
cases the maease is shght or less than m controls (91, 174) Mamtenance by trans- 
plants of the thyroid gland has been observed by Schweizer, Chanpper and Hatenus 
(368) though not by Cutuly (gi) Differmg accounts have been given regardmg 
mamtenance of the adrenals (91, 221, 368, 369, 431) 

2 Possible Nerve Patlrways to the Adenohypophysis 

From the above data it would appear that there is strong presumptive evidence 
m favor of some degree of neural control over the adenoh}^ph3ais The mechanism 
whereby this neural control is exerted is uncertam The nervous system may affect 
the secretory activity of the pars distahs either by a direct nerve supply through the 
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most likdy hypothesis would appear to involve a reflex stimulus to the secretion of 
the lactogenic hormone by the pituitary gland 

Similarly the changes which occur m the thyroid and adrenal cortex under the 
mfluence of seasonal variations or er^ienmental changes m the environmental tem 
perature (19, 109, 448, 449) may be due to reflex alteration m the activity of the 
adenohypophysis, smce the th3T0id gland appears to receive only a vasomotor in 
nervation, and the adrenal cortex Idcks any nerve supply Brohn (46) gives a de- 
tailed discussion of the effect of environmental temperature on the thyroid and 
adrenal glands 

(m) Chntcal data Evidence of a similar nature to that presented above may be 
adduced for man It is well known that the usual menstrual ihythm may be mter 
rupted by environmental change [viz , the women of Patagonia and Eskimo women 
dunng the long wmter nights (268)], by su cklin g and lactation and by wony or fnght 
(269, 399) The process of lactation is also greatly affected by the emotional state 
Cases of exophthalmic goiter (20, 267) frequently present a history of psychic trauma 
precedmg the onset of the disease A possible mechanism imderlymg these reactions 
IS a nervous, reflex activation or inhibition of the adenoh}TX>physis resulting in a 
hormonal effect on the ovaries, breasts or thyroid 

(6) Direct evidence Damage or stohilation oe possible nerve pathwavs 
TO THE adenohypophysis The large amount of evidence denved from experimental 
studies of this type will be discussed below when the mdividual nervous pathways to 
the pars distahs are under consideration Chnical observations, m which lesions of 
the hypothalamus and other parts of the bram have been found to mterfere with 
sexual development and function, are numerous (see 51) Hypothalamic lesionsbave 
been held responsible for hypogonadism, either alone (177) or m associabon with 
Frohhch’s adiposogenital syndrome (122, 353, 389) or the Laurence-Moon-Biedl 
syndrome (347) Hecker and Warren (209) concluded that many changes seen m 
the Laurence-Moon-Biedl and Frohhch’s syndromes are due to mvolvement of the 
hypothalamus and, mdirectly, the pituitary Pmeal tumours may also be assoaated 
with genital dystrophy, but it seems likely that this disturbance is due to secondary 
mvolvement of the hypothalamus (81, 353) Smce hypogonadism may be a non- 
specific change, due perhaps to a state of malnutntion associated with the primary 
lesion, better evidence concemmg a possible hypothalamico-hypophysial relationship 
is offered by a study of cases showmg precocious puberty m association with neural 
lesions That hypothalamic lesions may cause pubertas praecox is well known ( 47 i 
120, 122, 144, 341) In these cases the lesion is usually situated at the level of, or 
caudal to, the tuber cmereum, and it has been suggested (425) that the precoaty is 
due to destruction of a posterior hypothalamic mechanism with release of an anterior 
hypothalamic mnervation of the pars distahs Wemberger and Grant (42$) review 
the hterature on this subject Changes m thyroid activity associated with a cyst 
near the mfundibulum (312) and other lesions of the bram (267, 336) have also been 
reported Three cases of thyrotrophic exophthalmos, possibly of pituitary-dience- 
phahe ongm, have been desenbed by Zondek and Ticho (450) In view of the known 
actions of the diabetogenic hormone the fact that hypothalamic lesions are occasion- 
ally found assoaated with diabetes melhtus (420) may mdicate that a sunilar mecha- 
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Many fragmentary r 1 n.ims have been made that stunulation or removal of the 
cervical sympathetic System affects the secretion of the gonadotropic hormone by 
the pars glandularis Several workers have shown (147, 202, 416) that cervical 
sympathectomy abolishes or reduces the pseudopregnancy response that normally 
follows artificial stimulation m the rat (Pseudo pregnancy m the rat, and ovulation 
with consequent pseudopregnancy m the rabbit, may be mduced by sterile mating 
or some form of artificial stunulation There is much evidence that m these reactions, 
the anterior lobe of the pituitary gland is activated by a nervous reflex.) Ball (ii) 
thmV^ a quantitative variation m the stimulus may be, at least partially, responsible 
for this result. Fnedgood and Bevm (149) also report that removal of the supenor 
cervical ganghon, cervical sympathectomy or blank neck operations may mduce an 
immediate pseudopregnancy, while Bntt (41) found psychic stimuh, which previously 
caused an oestrogemc response m rats, were meffective after sympathectomy In a 
few rabbits, Fnedgood and Pmcus (152) produced ovulation and maturation of ova 
by stimulation of the cervical sympathetic trunk, but more recently Fnedgood and 
Cannon (150) faded to oh tarn ovulation following qmpathetic stimulation, though 
maturation of ova occurred These results are unconvmcmg as a demonstration of a 
secretoiy nerve supply to the adenohypophysis, for the speofiaty of the pseudo- 
pregnancy response m the rat would appear m doubt, and the shght ovarian changes 
m the rabbit may have been due to vasomotor effects on the hypophysial vessels 
The large mass of negative evidence forces the conclusion that the sympathetic sys- 
tem plays httle part m the control of secretion of the gonadotrophic hormones. 
Pseudopregnancy still foUows sterde coitus m the partially sympathectomized rat 
(147, 202, 416), ovulation stdl follows sterde coitus m the partially or completely 
sympathectomized rabbit (48, 203, 224, 417) and cat (69) and may follow stimulation 
of the tuber cmereum after cervical sympathectomy m the rabbit (196) Stimula- 
tion of the cervical S3rmpathetic nerves has faded to produce ovulation m the rabbit 
m the hands of most workers (150, 193, 203, 284) Perry (329) obtamed not a stimu- 
lation but a regression of the reproductive ^tem foUowmg admmistration of adren- 
alm to female rats 

It has been claimed that the cervical sympathetic system may affect the output 
of the th3rrotropic hormone from the adenohypophysis (143, 406) Stimulation of 
the cervical sympathetic either by anastamosis with the phrenic nerve (151) or elec- 
trically (188) has been found to mcrease the metabohc rate Contrary results have, 
however, been reported (45, 148, 283) More significant evidence has been obtamed 
by Brock, Doty, Krasno and Ivy (45), who obtamed a marked fall m metabohc rate 
m seven out of rune rabbits and two out two cats foUowmg cervical sympathectomy, 
and by Uotda (406) who noted a tempioraiy and mdd hypoacUvity of the th3rroid m 
rats foUowmg a simdar operation It should not be forgotten, however, that removal 
of the sympathetic system m cats (69) and rats (262) may be performed without any 
very significant change m the metabohc rate, and further that the cervical sympa- 
thetic system may weU exert a vasomotor control over the hypophysial or thyroid 
vessels ' 

(i) Other autonomic nerves Cobb and Fmesmger (83) and Chorobski and 

Penfield (78) described parasympathetic fibers m the cat and monkey which run from 
the CTT^atpr AT . J T 1 
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mediation of the cemcal sympathetic g^tem, the parasympathetic system via the 
spheno-palatine ganghon or petrosal nerves, or the hypo thalamico-hvpoph}'sial tract, 
mdirectly through a neurovascular pathway invohTng the hypophysial portal ^es- 
sels, or by some other unknown route At the present tune the balance of evidence 
IS in favor of the view that nervous stunuh affect the pars distahs by means of humoral 
transmission through the hypophysial portal vessels This hypothesis will be dis- 
cussed m detail after consideration of the anatomical and experimental evidence 
( a ) Cervical sympathetic system The first account of any nerves passing to 
the pituitary gland was brief mention of a sympathetic supply by Bourgery m 1845 
(35) Henle (213) described small nerve twigs passmg from the carotid plexus m^ 
dially to the hypophysis, which, he said, had been previously described by Fontana, 
Ribes and Bock Berkley (18) stated that only sympathetic fibers were to be found 
m the antenor h3rpophysis of the dog The first detailed description of the ^mpa- 
thetic pathway to the gland was given by Dandy (98) who used the mtravitam methyl 
ene blue method of stammg He descnbed the nerve supply of the glandular 
hypophysis as passmg with the arterial supply from the circle of Willis down the 
stalk to the gland These nerve fibers came mainly from the plexus around the 
jMstenor communicatmg arteiy, and as many as three or four small nerve filaments 
may accompany an arterial branch to the glandular lobe Pmes, (335) usmg methyl 
ene blue and silver stammg methods, also demonstrated a sympathetic mnervation 
of the pars glandularis Hair (184) found a rich innervation of the pars glandularis 
nmnmg with two sets of vessels, first with vessels from the circle of Wilhs running 
directly to the pars distahs and second with vessels passmg via the pars tuberahs, 
where an extensive vascular network was found Rasmussen (344), m a compre- 
hensive study of the nerve fibers to the human pituitary supplemented by obser.'a 
tions on the rat, gumea-pig, rabbit, cat, dog and monkey, found sympatheUc fibers 
from the cavernous plexus entermg the pars distahs Large areas of the gland were 
found to be free of nerve fibers, however, the conclusion bemg drawn that the fibers 
present were probably vasomotor m nature Truscott (403) estimated that out of 
2,000 nerve fibers entermg the glandular lobe of the rat’s pituitary, 20 per cent are 
earned m on the walk of blood vessek Drager (123, 124) states that the pars 
tuberahs of the porpoise and bird receives both autonomic and hypothalamic nerve 
fibers, but that none pass on to the pars distahs In the armadiUo (125) this author 
desenbes sympathetic fibers from the carotid plexus (as pronunent nerve fiber 
bundles) which end m contact with, or between, the glandular celk of the pars distahs 
Maiman (281) found chromatolytic changes m the supenor cervical ganghon after 
destruction of the antenor lobe m dogs TTis result was not confirmed by Mahoney 
(279) m the chimpanzee Nerve fibers are still present m the pars distahs of the cat 
(184), rat and rabbit (53) after supenor cervical ganghonectomy In the rabbit thty 
are said to be less than normal m number (53) It should be remembered that 
sympathetic fibers with cell stations m the scattered ganglia along the mtemal carotid 
artery may reach the gland, or alternatively, that fibers from the vertebral plexus may 
be concerned Philhps (331) recorded action potcntiak from the pars distahs during 
stimulation of the cervical sympathetic trunk Colhn and Henneqmn (86, 87, 88) 
and Pop]ak (340) have observed histological changes m the pituitary and hypo- 
thalamus, respectively, after removal of the supenor cervical ganghon 
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Many fragmentaiy riaims have been made that stmiulation or removal of the 
cervical sympathetic system affects the secretion of the gonadotropic hormone by 
the pars glandularis Several workers have shown (147, 202, 416) that cervical 
sympathectom)’- abolishes or reduces the pseudopregnancy response that normally 
follows artificial sbmulation m the rat. (Pseudo pregnancy m the rat, and ovulation 
with consequent pseudopregnancy m the rabbit, may be mduced by sterile ma t i ng 
or some form of artificial stimulation There is much evidence that m these reactions, 
the an tenor lobe of the pitmtary gland is activated by a nervous reflex.) Ball (ii) 
tVimVi; a quantitative variation m the stimulus may be, at least partially, responsible 
for this result Fnedgood and Bevm (149) also report that removal of the supenor 
cervical ganghon, cervical sympathectomy or blank neck operations may mduce an 
immediate pseudopregnancy, while Bntt (41) found psychic stimuli, which previously 
caused an oestrogenic response m rats, were meffective after sympathectomy In a 
few rabbits, Fnedgood and Pmcus (152) produced ovulation and maturation of ova 
by stimulation of the cervical sympathetic trunk, but more recently Fnedgood and 
Cannon (150) failed to obtam ovulation foUowmg sympathetic stimulation, though 
maturation of ova occurred These results are unconvmcmg as a demonstration of a 
secretory nerve supply to the adenohypophysis, for the speofiaty of the pseudo- 
pregnancy response m the rat would appear m doubt, and the shght ovarian changes 
m the rabbit may have been due to vasomotor effects on the hypophysial vessels 
The large mass of negative evidence forces the conclusion that the sympathetic sys- 
tem plays httle part m the control of secretion of the gonadotrophic hormones. 
Pseudopregnancy still follows sterile coitus m the partially sympathectomized rat 
(147, 202, 416), ovulation still follows sterile coitus m the partially or completely 
sympathectomized rabbit (48, 203, 224, 417) and cat (69) and may follow stimulation 
of the tuber cmereum after cervical sympathectomy m the rabbit (196) Sttmula- 
bon of the cervical sympathetic nerves has failed to produce ovulation m the rabbit 
m the hands of most workers (150, 193, 203, 284) Perry (329) obtained not a stunu- 
labon but a regression of the reproductive ^tem followmg administration of adren- 
alm to female rats 

It has been dauned that the cervical sympathetic sys tem may affect the output 
of the thyrotropic hormone from the adenohypophysis (143, 406) Stimulation of 
the cervical sympathetic either by anastamosis with the phrenic nerve (151) or elec- 
trically (188) has been found to mcrease the metabohc rate Contrary results have, 
however, been reported (45, 148, 283) More significant evidence has been obtamed 
by Brock, Doty, Krasno and Ivy (45), who obtamed a marked fall m metabohc rate 
m seven out of rune rabbits and two out two cats followmg cervical sympathectomy, 
and by Uotila (406) who noted a temporary and mild hypoactivity of the thyroid m 
rats following a similar operation It should not be forgotten, however, that removal 
of the sympathetic system m cats (69) and rats (262) may be performed without any 
very significant change m the metabohc rate, and further that the cervical sympa- 
thetic system may well exert a vasomotor control over the hypophysial or thyroid 
vessels 

(i) Other autonomic nerves Cobb and Fmesmger (83) and Chorobski and 
Penfield (78) described parasympathetic fibers m the cat and monkey which run from 
the greater superficial petrosal nerve to jom the carotid plexus These were shown 
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mediation of the cervical sympathetic system, the parasympathetic system via the 
spheno-palatme ganghon or petrosal nerves, or the hypothalamico-hypophysial tract, 
mdrrectly through a neurovascular pathway mvolvmg the hypophysial portal ves- 
sels, or by some other unknown route At the present tune the balance of evidence 
IS m favor of the view that nervous stimuh affect the pars distahs by means of humora] 
transmission through the hypophysial portal vessels This hypothesis will be dis- 
cussed m detail after consideration of the anatomical and eqienmental evidence 
(fl) Cervical sympathetic system The first account of any nerves passing to 
the pituitary gland was brief mention of a sympathetic supply by Bourgery m 1845 
(35) Henle (213) described small nerve twigs passmg from the carotid plexus me- 
dially to the hypophysis, which, he said, had been previously descnbed by Fontana, 
Ribes and Bock Berkley (18) stated that only sympathetic fibers were to be found 
m the anterior hypophysis of the dog The first detailed description of fhe sympa 
thetic pathway to the gland was given by Dandy (98) who used the mtravitam methyl- 
ene blue method of stammg He described the nerve supply of the glandular 
hypophysis as passmg with the arterial supply from the circle of Wilhs down the 
stalk to the gland These nerve fibers came mainly from the plexus around the 
posterior communicatmg artery, and as many as three or four small nerve filaments 
may accompany an arterial branch to the glandular lobe Pmes, (33s) usmg methyl 
ene blue and sdver staining methods, also demonstrated a sympathetic innervabon 
of the pars glandularis Hair (184) foimd a nch innervation of the pars glandularis 
runnmg with two sets of vessels, first with vessels from the circle of Wilhs running 
directly to the pars distahs and second with vessek passmg via the pars tuberahs, 
where an extensive vascular network was found Rasmussen (344), m a compr^ 
hensive study of the nerve fibers to the human pituitary supplemented by observa 
tions on the rat, gumea-pig, rabbit, cat, dog and monkey, found sympathetic fibere 
from the cavernous plexus entenng the pars distahs Large areas of the gland were 
found to be free of nerve fibers, however, the conclusion bemg drawn that the fibers 
present were probably vasomotor m nature Tniscott (403) estimated that out of 
2,000 nerve fibers entenng the glandular lobe of the rat’s pituitary, 20 per cent are 
earned m on the walls of blood vessels Drager (123, 124) states that the pars 
tuberahs of the porpoise and bird receives both autonomic and hypothalamic nerve 
fibers, but that none pass on to the pars distahs In the armadillo (125) this author 
describes sympathetic fibers from the carotid plexus (as promment nerve fiber 
bundles) which end m contact with, or between, the glandular cells of the pars distahs 
Maiman (281) found chromatolytic changes m the sujienor cervical ganghon after 
destruction of the antenor lobe m dogs This result was not confirmed by Mahoney 
(279) m the chimpanzee Nerve fibers are still present m the pars distahs of the cat 
(184), rat and rabbit (53) after superior cervical ganghonectomy In the rabbit they 
are said to be less than normal m number (53) It should be remembered that 
sympathetic fibers with cell stations m the scattered ganglia along the mtemal carob 
artery may reach the gland, or alternatively, that fibers from the vertebral plexus may 
be concerned Philhps (331) recorded action potentials from the pars distahs dunng 
stimulation of the cervical sympathetic tnmk Colhn and Hennequm (86, 87, 88) 
and Popjak (340) have observed histological changes m the pituitary and hypo- 
thalamus, respectively, after removal of the superior cervical ganghon 
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Many fragmentary claims have been made that stunulation or removal of the 
cervical sjmipathetic System affects the secretion of the gonadotropic hormone by 
the pars glandularis Several workers have shown (147, 202, 416) that cervical 
sympathectomy abolishes or reduces the pseudopregnancy response that normally 
follows artificial stimulation in the rat. (Pseudo pregnancy m the rat, and ovulation 
with consequent pseudopregnancy m the rabbit, may be induced by sterile matmg 
or some form of artificial stimulation There is much evidence that m these reactions, 

the an tenor lobe of the pituitary gland is activated by a nervous reflex.) Ball (ii) 
thinls a quantitative variation m the stimulus may be, at least partially, responsible 
for this result. Fnedgood and Bevm (149) also report that removal of the supenor 
cervical ganghon, cervical sympathectomy or blank neck operations may mduce an 
immediate pseudopregnancy, while Bntt (41) found psychic stunuh, which previously 
caused an oestrogemc response m rats, were meffectrve after sympathectomy In a 
few rabbits, Fnedgood and Pmcus (152) produced ovulation and maturation of ova 
by stunulation of the cervical sympathetic trunk, but more recently Fnedgood and 
Cannon (150) failed to obtam ovulation foUowmg sjrmpathetic stimulation, though 
maturabon of ova occurred These results are unconvmcmg as a demonstration of a 
secretoiy nerve supply to the adenohypophysis, for the speofiaty of the pseudo- 
pregnancy response m the rat would appear m doubt, and the shght ovarian changes 
in the rabbit may have been due to vasomotor effects on the hypophysial vessels. 
The large mass of negative evidence forces the conclusion that the sympathebc sys- 
tem plays httle part m the control of secretion of the gonadotrophic hormones 
Pseudopregnancy still follows sterile coitus m the partially sympathectomized rat 
(147, 202, 416), ovulation still follows sterile coitus m the partially or completely 
qmpathectomized rabbit (48, 203, 224, 417) and cat (69) and may follow stimulation 
of the tuber cmereum after cervical sympathectomy m the rabbit (196) Stimula- 
tion of the cervical sympathetic nerves has felled to produce ovulation m the rabbit 
m the hands of most workers (150, 193, 203, 284) Perry (329) obtamed not a stimu- 
lation but a regression of the reproductive system foUowmg admmistration of adren- 
ahn to female rats 

It has been claimed that the cervical sympathetic ^tem may affect the output 
of the thyrotropic hormone from the adenohypophysis (143, 406) Stimulation of 
the cervical sjunpathetic either by anastamosis with the phrenic nerve (151) or elec- 
trically (188) has been found to mcrease the metabohc rate Qmtrary results have, 
however, been reported (45, 148, 283) More significant evidence has been obtamed 
by Brock, Doty, Krasno and Ivy (45), who obtamed a marked fall m metabohc rate 
m seven out of mne rabbits and two out two cats foUowmg cervical sympathectomy, 
and by Uotila (406) who noted a temporary and mild hjpioactivity of the thyroid m 
rats foUowmg a similar operation It should not be forgotten , however, that removal 
of the S 3 mipathetic system m cats (6g) and rats (262) may be performed without any 
very significant change m the metabohc rate, and further that the cervical sympa- 
thetic system may weU exert a vasomotor control over the hypiophysial or thyroid 
vessels 

(6) Other autoeoihc neeves Cobb and Fmesmger (83) and Chorobski and 
Penfield (78) described parasympathetic fibers m the cat and monkey which run from 
the greater superficial petrol nerve to jom the carotid plexus These were shown 
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to carry vasodilator fibers for the pial vessels Hinsey and Markee (224) suggested 
this pathway might be mvolved also m transmittmg secretomotor impulses to the 
adenohypophysis In the rat, Zachanas (446) reported that a branch from the 
Vidian ganghon at the junction of the superficial and deep petrosal nerves runs to at 
least the capisule of the pituitary gland 

Experimental support for a parasympathetic innervation of the adenohypophysis 
appeared to be forthcommg when, it was found that anesthetization of the nasal 
mucous membrane (378) or extirpation of the spheno-palatme ganghon (356) was 
followed by pseudopregnancy m approximately 50 j>er cent of rats It was further 
found (447) that removal of the Vidian ganghon produced a pseudopregnancy re- 
sponse m roo per cent of the cases, and an mcreased msuhn sensitivity m 66 per cent, 
although section of the greater superfiaal petrosal nerve which caused pseudopreg 
nancy m a high percentage of cases had no effect on msuhn sensitivity This possible 
innervation of the adenohypophysis cannot be of more than subsidiary importance, 
for female rats deprived of the sphenopalatme ganghon show normal sex functions as 
far as the date of the vagmal openmg, reproductive capacity and pseudopregnancy 
response to stimulation of the utenne cervices are concerned (379) In the rabbit 
also, bilateral avulsion of the faaal nerve and geniculate ganglmn (185) and bilateral 
section of the greater superficial petrosal nerve (418) did not prevent ovulation fol 
lowmg coitus The immediate pseudopregnancy response of rats foUowmg operative 
trauma would appear to be a non-specific reaction, for Fnedgood and Bevm (149) 
report pseudopregnancy occurs m 64 per cent of animals foUowmg bilateral removal 
of the supenor cervical ganghon, m 39 per cent foUowmg bilateral cervical sympa* 
th^ctomy and m 23 per cent foUowmg blank neck operations The fact that m the 
rabbit ovulation foUows cxiitus even after the mtravenous mjection of large doses of 
atropme (282) agam suggests the parasympathetic system plays httle part m this 
response 

(c) Hypothalamus and hypophysial stalk Cajal (63), who gave the first clear 
description of the nerve fibers m the pituitary stalk, mentioned that some of these 
fibers penetrate between the epithelial cells of the pars mtermedia That nerve 
fibers enter this part of the adenohypophj^is has been confirmed by many workers 
(31. S3, 56. 89, 162, 163, ryr, r84, 335, 343, 344, 358, 397, 403, 4r2) Some authors 
mdicate these nerve fibers to be relatively numerous (184, 397, 403), thou^ mos 
recent accoimts descnbe them as bemg scanty (53, i7r, 343, 344) TeUo (397) 
scribed mterceUular and mtraceUular endmgs for these fibers, but most workers have 
found only simple mterceUular nerve termmals m the pars mtermedia (184, 344) 

The pars tuberahs appears to receive some nerve fibers from the hypothalarmco- 
hypophysial tract as it hes m the median emmence and mfundibular stem (65, 123, 
171, 184, 344, 358) No very close relationship of nerve termmals to cells has been 
seen here, though a close neuro-vascular relationship has been noted (171) Vasquez- 
Lopez (412) described a close relationship between the nerve fibers and blood vessels 
m the narrow cortical zone of the median emmence and stalk, that is, the tissue ad- 
jacent to the pars tuberahs 

The mnervation of the pars distahs is a much debated subject An absolute (S7> 
163, 216) or relative (18, 53, 89, 171, 344, 39?) lack of nerve fibers m this structure 
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has been reported many times, though a few workers describe the presence of numer- 
ous nerve fibers (184, 403) Particular attention is drawn to the careful work of 
Rasmussen (334), who gives a summary of the hterature Pencellular nerve nets 
have been described around the glandular cells of the pars distahs (53, 335), though 
as pomted out by Green (170), the published illustration of these nets (232) resemble 
the reticular nets previously described by Tello (397) Truscott (403) describes a 
well marked innervation to the pars distahs of the rat, passmg forward from the 
neurohypophysis This findmg is not m accordance with previous observations on 
the same ariTmal (53) Attempts have been made m the rat and rabbit to determme 
the ongm of the nerve fibers m the pars distahs, by stud3Tng the glands of animals 
after section of the pituitary stalk and after cervical sympathectomy (33) Stalk 
section was found to e limin ate most of the nerv'e fibers to all parts of the pitiutary, 
while sjunpathectomy caused a partial reduction of nerve fibers m the pars distahs 
of the rabbit and no detectable reduction m the rat Of much mterest are the studies 
by Drager on the nerves to the pars distahs of the porpoise, bird (123, 124) and arma- 
dillo (135) In these forms a connective tissue septum mtervenes between the m- 
fundibular process and pars distahs, thus limiting the route for transference of nerve 
fibers from the neurohypophysis to adenohjipophysis No hypothalamico-hypophys- 
lal nerve fibers were found m the pars distahs of the bird or porpoise, and only a few 
m the armadillo These observations on the bird’s pituitary are of especial signifi- 
cance, smce gonadal activity m the bird appears to be particularly responsive to en- 
vironmental change 

In summary, it may be said that the hypothalamic innervation of the adenohy- 
pophysis appears scanty if it constitutes a true secreto-motor nerve supply to the 
organ 

There is some experimental evidence that mterference with the hypothalamus or 
pituitary stalk, by damage or stimulation, affects the activity of the adenohypophy- 
sis This work will now be considered with respect to the actions this gland exerts 
through the gonadotrophic, lactogenic, th3rrotrophic, adrenotrophic and diabetogemc 
hormones 

(i) Eyfothalamtis and gonadolrophtc hormones That damage of the h)p)othalamus 
may lead to gemtal atrophy is well known from rlmiral observations (quoted above) 
and from the early observations of Camus and Roussy (67), Bailey and Bremer (8) 
on dogs and Srmth (383) on rats Cushmg (90) suggested Srmth’s results were due 
to mterference with hypophysial blood supply or of mterrupted nerve supply More 
sccent observations mdicate that hypothalamic mjunes may mterfere with sexual 
functions through damage to the nervous structure underlymg the mtegration of 
reaction patterns of sexual behavior, or through damage to some neural mechanism 
controllmg the output of gonadotropic hormones from the pituitary In the normal 
animal these two methanisms are doubtless closely mter-related, but m espenmental 
work they are frequently separated, studies of the first type often bemg performed on 
gonadectomized a nim a l s under controlled hormonal administration (12, 108) 

Cahane and Cahane (60, 61) noted that hypothalamic lesions may produce genital 
atrophy m the rat FoUowmg the observation that female cats with diabetes m- 
sipidus (produced by lesions m the hypotbalamrco-hypophysial tract) never bred in 
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the laboratory (141), Dey, Fisher, Berry and Ranson (116) and (113, 115), 
found that lesions in guinea-pigs situated between the optic duasma and pituitary 
stalk resulted in serual disturbances Some animals with lesions anterior to the 
m a mmill a r y bodies m vanable sites showed normal oestrous cycles though many 
would not mate, others with lesions between the chiasma and median emmence 
showed a constantly open vagma, hypertrophied external genitalia and a lack of 
corpora lutea m the ovaries, while a third group with lesions at the juncUon of the 
hypothalamus and pituitary stalk showed genital atrophy with a constantly dosed 
vagma Loss of cychcal phenomena and genital atrophy were found more commonly 
after lesions m the median emmence than after lesions m other sites m the h)rpothal 
amus or m the pituitary stalk (114) or after hypophysial lesions (115, 118) In rats 
Hethermgton and Ranson (217) describe obesity and sexual dystrophy followmg 
lesions m the tuber cmereum, as do Biggart and Alexander m dogs (21), and it has 
been stated (434) that an unmterrupted connection of hypothalamus, pars tuberalis 
and pars distahs is needed to ensure a normal production of gonadotrophic hormone. 
In spite of the claim of Diaz (119) that mterference with the oestrous rhythm may 
be consequent to nonspecific trauma, such as nephrectomy, it would seem probable 
that lesions m the tuber cmereum which mterrapt the oestrous cycle exert their 
effects by altermg the hormonal output of the pitmtary gland The most direct 
route by which this effect could be mediated is the pituitary stalk, but data derived 
from experiments m which this structure has been sectioned are far from harmonious 
Section of the pituitary stalk m rats has been claimed to produce lengthaied 
oestrous cycles (352), gonadal atrophy m male and female animals (46, 429, 430) and 
normal, prolonged or absent cycles (m the rats showmg normal cycles, pseudopreg- 
nancy occurred followmg sterile coitus, 109, no) Westman and Jacobsohn (429)' 
who noted gonadal atrophy m the rat followmg stalk section, inserted a small silver 
plate between the cut ends of the stalk In the rabbit stalk section has been reported 
to produce gonadal atrophy (196, 223, 432) Oestrous rabbits have been obtamed 
followmg this operation (50, 54), however, though the normal ovulatory response to 
matmg was absent m these animals Brooks (50) mvestigated the blood vessels of 
the stalks m some of his operated animals and stated that they either had not been 
completely destroyed by the operation or had been reestablished m part Westman 
and Jacobsohn (432) found that transection of the pituitary stalk m rabbits, within 
forty mmutes of copulation, did not prevent subsequent ovulation, but mjecbon of 
novocame solution through the foramen opticum of unanesthetized female rabbits 
(433), which were then mated, did prevent the ovulatory response Transection of 
the stalk m gumea-pigs may cause httle mterference with the reproductive system 
(106) or may be followed by normal, irregular or absent cycles (263) In dogs, silver 
chps apphed to the pituitary stalk (280), or division of the stalk (121), caused sexual 
atrophy, while other workers (252) reported normal sex functions m the bitch follow- 
mg stalk section Breckenndge (40) removed the hypophysial stalk and upper part 
of the pars anterior m nme dogs and found two bred normally, four showed anatomi- 
cally normal reproductive tracts and three showed atrophic sex organs There was 
no correlation between the amount of pars anterior tissue remammg and the state of 
the reproductive system Brooks (51) makes bnef mention of sunilar expenments on 
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monkeys Dandy (99) descnbes a case of stalk section m a young adult woman that 
was followed by normal menstrual cycles, pregnancy, labor and lactaDon 
From this evidence it seems that lesions of the median emmence produce a greater 
disturbance of sex function than section of the pitmtarj' stalk It appears unlikely 
that all the cases of sexual dysfunction reported to follow lesions of the stalk can be 
explamed m terms of concurrent damage to the median emmence or hypophysis A 
more likely hypothesis is that lesions of the median emmence irreparably damage a 
neural mechanism which normally exerts a controlhng mfluence over the activity of 
the adenohj’pophysis by vascular transmission down the pituitary stalk These ves- 
sels might undergo regeneration followmg stalk secDon 
Stunulation has been performed by electrical and chemical means The electrical 
method was first used by Marshall and Vemey (291), vho found strong diffuse stimu- 
lation of the bram of the oestrous rabbit was followed by ovulation and pseudopreg- 
nancy Hams (195) showed pseudopregnancy followed similar stimuh apphed to 
the rat Attempts were made to localize the active focus, and it was shown that 
stimulation of the pituitary gland directly (196), the tuber cmereum (196 and see 
Sr), the preoptic region (205) or postenor hypothalamus (196) produced ovulation 
m the rabbit Stimulation of the tuber cmereum was still effective after cervical 
sympathectomy (196), though previous cauterization of the pituitary stalk prevents 
ovulation followmg bram stimulation (428) More recent attempts to delimit the 
focus (284) mdicate that direct electrical stimulation of the pituitary gland is not 
followed by the folUcular rupture which occurs after similar stimulation of the hypo- 
thalamus The most reliable technique for mvestigatmg this problem is the remote- 
control method of stimulation, which renders unnecessary any anesthesia or concur- 
rent trauma With this procedure stimulation of the tuber cmereum is more effective 
m ehatmg ovulation than stimulation of the mfundibular stem or adenohypophysis 
(201) The fact that repeated electronarcosis of gumea-pigs (128) causes mcreased 
ovanan weight may be a further example of neural excitation of the adenohypophysis 
Intravenous admmistration of copper (134) and cadmium (131) salts, picrotoxm 
(292), metrazol (52) or vanous plant juices (38) is followed by ovulation m the rabbit 
Other drugs and salts [pilocarpme, eserme, acetylcholme and adrenalme (291), 
strychnme, apomorphme, / 3 -tetrahydro-naphthylamme, ergometrme, doiyl, con- 
amyrtm (292), strychnme, msulm, benzednne and ephedrme (52), salts of banum, 
cobalt, gold, iron, manganese, nickel, silver and zmc (131)] have been tned without 
success It was first beheved that the active substances might produce their effects 
by augmentmg the action of the circulatmg pituitary hormones Bischoff (22) then 
suggested that copper salts act on some nervous mechanism, and tlu<; idea is now sup- 
ported by the evidence that transection of the hypophysial stalk, before or shortly 
sfter the mtravenous mjection of copper acetate, picrotoxm or metrazol mhibits the 
usual ovulatory response (52), and further, that the dose of copper acetate necessary 
to produce ovulation on mjecPon mto the region of the third ventricle is approxi- 
mately (jf tlie mtravenous dose (197) Intravenous a dmin istration of copi- 

per salts to oestrous rats is followed by pseudopregnancy (126) Pretreatment with 
oestrone makes it possible to mduce pseudopregnancy or ovulation and pseudopreg- 
naniy, m met- or di-oestrous rats or anoestrous rabbits, respectively, by mtravenous 
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the laboratoiy (141), Dey, Fisher, Beny and Ranson (ri6) and Dey (113, i 
found that lesions in guinea-pigs situated between the optic chiasma and pitui! 
stalk resulted m sexual disturbances Some animals with lesions antenor to 
mammiUaiy bodies m variable sites showed normal oestrous cycles thou^ m 
would not mate, others with lesions between the chiasma and median emme 
showed a constantly open vagma, hypertrophied external genitaha and a lad 
co^iora lutea m the ovaries, while a third group with lesions at the junction of 
hypothalamus and pituitary stalk showed genital atrophy with a constantly do 
vagma Loss of cychcal phenomena and gemtal atrophy were found more commo 
after lesions m the median eminence than after lesions m other sites m the hypotl 
amus or m the pituitary stalk (114) or after hypophjrsial lesions (115, 118) In i 
Hethenngton and Ranson (217) describe obesity and sexual dystrophy follow 
lesions m the tuber cmereum, as do Biggart and Alexander m dogs (21), and it ] 
been stated (434) that an unmtemipted connection of hypothalamus, pars tuben 
and pars distahs is needed to ensure a normal production of gonadotrophic hormo 
In spite of the claim of Dias: (119) that mterference with the oestrous rhythm n 
be consequent to nonspecific trauma, such as nephrectomy, it would seem proba 
that lesions m the tuber cmereum which mterrupt the oestrous cycle exert th 
effects by altermg the hormonal ou^ut of the pituitary gland ITie most dir 
route by which this effect could be mediated is the pituitary stalk, but data denv 
from experiments m which this structure has been sectioned are far from harmonioi 
Section of the pituitary stalk m rats has been claimed to produce lengthen 
oestrous cycles (352), gonadal atrophy m male and female anunak (46, 429, 430) a 
normal, prolonged or absent cycles (m the rats showmg normal cycles, pseudopn 
nancy occurred foUowmg sterile coitus, 109, no) Westman and Jacobsohn (421 
who noted gonadal atrophy m the rat followmg stalk section, mserted a small sih 
plate between the cut sids of the stalk In the rabbit stalk section has been report 
to produce gonadal atrophy (196, 223, 432) Oestrous rabbits have been obtain 
followmg this operation (50, 54), however, though the normal ovulatory response 
matmg was absent m these animak Brooks (50) mvestigated the blood vessels 
the stalks m some of his operated anunals and stated that they either had not be 
completely destroyed by the operation or had been reestablished m part Westmi 
and Jacobsohn (432) found that transection of the pituitaiy stalk m rabbits, with 
forty mmutes of copulation, did not prevent subsequent ovulation, but mjecUon 
novocame solution through the foramen opticum of unanesthetized female rabbi 
(433)1 which were then mated, did prevent the ovulatory response Transection 
the stalk m gumea-pigs may cause httle mterference with the reproductive syste 
(106) or may be followed by normal, irregular or absent cycles (263) In dogs, silv 
chps apphed to the pituitary stalk (280), or division of the stalk (121), caused sexu 
atrophy, while other workers (252) reported normal sex functions m the bitch folloi 
mg stalk section Breckenndge (40) removed the hypophysial stalk and upper pa 
of the pars antenor m nme dogs and found two bred normally, four showed anatom 
cally normal reproductive tracts and three showed atrophic sex organs There wi 
no correlation between the amount of pars antenor tissue remammg and the state < 
the reproductive system Brooks (51) makes bnef mention of similar expenments 0 
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Ingelbreclit (236) showed that severance of the spinal cord, m lactating rats, between 
the last dorsal and first lumbar segments resulted m failure of milk secretion and 
death of the young if only the postenor, anesthetic nipples were suckled, whereas if 
suckling of the antenor nipples was allowed milk secretion was maintained m all 
glands The observations of Hooker and Williams (226) that mammarj^ mvolution 
(after removal of the young) is retarded m all breasts by apphcation of spints of tur- 
pentine twice daily to all or some of the nipples also support Selye’s theory The 
influence of suckling on the lactogen content of the pituitary gland m rats and rab- 
bits has been studied (300, 348) 

The nervous pathway by which the stimulus of suckhng exates the adenohypophy- 
sis IS unknown That lactation can occur normally m sjunpathectomized animals 
ehimnates the cervical sympathetic system The data concemmg the hj’pop^iysral 
stalk are mcondusive Desclm (in) and Herold (215) claim that transection of 
the stalk m rats causes failure of lactation m spite of funcbonmg antenor pituitary 
tissue and contmued suckhng Jacobsohn and Westman (243) found that the mam- 
maij' mvohibon which occurs m lactatmg rats followmg transection of the pituitarj' 
stalk IS not so complete as that which occurs followmg hypophj'sectomy and state 
that their results do not uphold Selj e’s views Accordmg to Dempsey and Uotila 
(no), however, stalk-transected rats may lactate normally These latter results 
would mdicate that the nen'e fibers m the stalk are not essential to the median ism 
Ou) Hypothclcmtts, (hyrolrophtc and adettofrophtc Iiormoties Lichtwitz (267) sug- 
gested that the hypothalamus reacts to variations m thyrosme concentration, thus 
regulating and controlling the secretion of the thyrotrophic hormone from the pitui- 
tary The evidence concemmg this hypothesis IS con troversial 
Hypot h ala mi c lesions have been stated to affect metabohc rate and thyroid his- 
tology With lesions m the central hypothalamus, a fall m metabolism was observed 
m cats (29) Cahane and Cahane (62) noted that mfundibular lesions may produce 
a histological picture of mcreased or decreased activity m the thyroid gland From 
this and other evidence they postulated the presence of two centers m the mfundibu- 
lar region, one situated between the optic dnasma and stalk which excites the secre- 
tion of the thyrotropic hormone and the other m the group of tubero-mammdlaiy 
nudei which inhibits the secretion of this hormone Grafe and Grunthal (166) noted 
a fall in metabolism of 35 per cent on destruction of the tuberal centers m a dog 
Section of the hypmphysial stalk has been shown by most workers to have httle 
ect on the metabohc rate or thyroid histology Uotila workmg on stalk-secboned 
rats found that the thyroid remamed histologically normal (405), that it reacts with 
e usual atrophy to mjections of th3noxme or with the usual compiensatory hyper- 
tophy after subtotal thyroidectomy (408), but that the normal hypiertropihy evoked 
y a cold environment is lackmg (405, 407) He suggests that the basic secretion 
° ® thyrotrophic hormone is humorally controlled and mdepiendent of the pitmtary 

under certam environmental conditions this basic secretion can be modified 
y ypKithalamic impulses which reach the hypophysis via the pitmtary stalk 
^ (46) records a decrease of thyroid activity followmg stalk section m rats and 

agrees with Uotila that cold exp>osure of such animals does not lead to the usual hy- 
pertrophy Uotila (407) also found that the adrenal cortex was normal m w eigh t 
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mjection of copper acetate (127) On the other hand, admmistration of progesterone 
to oestrous (post-partum) rabbits blocks the ovulation induced by copper salts (153) 
Injection of yohimbine is also reported to upset the normal sex rhythm m rats, pro- 
ducmg a state of constant oestrus of three to nme days’ duration (156) 

Although mtravenous mjection of acetylchobne is not followed by ovulation m the 
rabbit (291), Taubenhaus and Soskm (394) claim that direct apphcation of an acetyl- 
chohne-prostigmme mixture to theexposed pituitary glands of rats results m pseudo- 
pregnancy, and that similarly apphed atropme prevents the pseudopregnancy which 
normally follows electrical stimulation of the utenne cervix This evidence is taken 
by the authors to support the view that the adenohypophysis is normally exated by 
a humoral tra n s mis sion from the hjrpothalamus via the hypophysial portal vessels 
m the pituitary stalk 

A further me^thod whereby the adenohypophysis may be exated is by mcreased 
lUummation It is well known that mcreased illummation m midwmter causes fe- 
male ferrets to come mto full oestrus earher than control animals (23) Ultraviolet 
hght IS more active m this respect than luminous rays (290) Ferrets m which the 
pituitary has been removed are non-responsive to extra lUummation (220), and sum- 
larly, if the optic nerves are severed (24, 80), the cycles are freed from seasonal or 
photic influences or do not occur at alL It seems likely from this and other evidence 
that m the ferret, hght stunulates the adenohypophysis by a neural, or neuro-humoral 
pathway from the retma There is evidence that the nervous impulses pass from the 
optic tract either to the ventral nucleus of the lateral geniculate body or to the sub- 
thalamus by way of the accessory optic tracts (80) However, it is clauned (244) 
that the ferret lacks any accessory optic tracts The final pathway serving this 
reflex activation of the pituitary remams obscure It has been shown m the drake 
that hght which has a marked effect m stunulatmg the testis of the normal bird is 
also effective after enucleation of the eyeballs Gonadal stimulation was also ob- 
tamed if the hght was directed, by means of a quartz tube, on to the region of the 
pituitary gland (16, 17) These latter results are difficult to evaluate 

(u) Hypothalamus and lactogenic hormone It seems probable that nervous activ- 
ity plaj^ a part m the removal of milk from the actively secreting breast [the ‘letting 
down’ of milk from cattle (186)], but it is unlikely that it is directly concerned with 
the actual secretion of milk, which would appear to be under hormonal control by 
the pituitary gland Stncker (390) showed that a mammary gland grafted mto a 
rabbit’s ear contmues to secrete providmg normal glands are bemg suckled Also, 
lactation may occur normally m the completely sympathectomized cat (69), though 
some reports mdicate that occasional impairment of lactation follows sympathec- 
tomy (7, 68, 380) 

The idea was advanced by Selye and his co-workers (370, 373, 374, 375) that lac- 
tation IS mamtamed m rats and mice by the act of suckhng, which stunulates the 
adenohypophysis by some nervous pathway to hberate the lactogenic hormone It 
was found that the sUmulus of suckhng prevents mvolution of the mammary glands, 
even those from which the nipple had been excised and no milk was removed Weich- 
ert (424) found that the posterior breasts tend to be neglected m rats with small 
htters, but that regression of these is delayed by sucklmg of the more anterior glands 
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[ngelbrecht (236) showed that severance of the spinal cord, in lactating rats, between 
the last dorsal and first lumbar segments resulted m failure of milk secretion and 
ieath of the young if only the postenor, anesthetic nipples were suckled, whereas if 
juckhng of the antenor nipples was allowed milk secretion was mamtamed m all 
glands The observations of Hooker and IVilhams (226) that m amm ary mvolution 
(after removal of the young) is retarded m all breasts by apphcation of spirits of tur- 
pentine twice daily to all or some of the nipples also support Selye’s theory The 
influence of suckhng on the lactogen content of the pituitaiy^ gland m rats and rab- 
bits has been studied (300, 348) 

The nervous pathway by which the stimulus of suckling exates the adenohypophy- 
sis IS unknown That lactation can occur normally m sympathectomized animals 
eliminates the cervical sympathetic system The data concemmg the hypophysial 
stalk are mconclusive Deschn (rii) and Herald (215) claim that transection of 
the stalk m rats causes failure of lactation m spite of functionmg anterior pituitary 
tissue and contmued suckhng Jacobsohn and Westman (243) foimd that the mam- 
mary mvolution which occurs m lactatmg rats followmg transecbon of the pituitary 
stalk IS not so complete as that which occurs followmg hypophysectomy and state 
that their results do not uphold Selye’s views Accordmg to Dempsey and Uotila 
(no), however, stalk-transected rats may lactate normally These latter results 
would mdicate that the nerve fibers m the stalk are not essential to the mechanism 
(in) Hypothalamus, Ihyrotrophtc attd adenotrophc Immonas Lichtwitz (267) sug- 
gested that the hypothalamus reacts to variations m thyroxme concentration, thus 
regulatmg and controlling the secretion of the thyrotrophic hormone from the pitui- 
tary The evidence concemmg this hypothesis is controversiaL 
Hypothalamic lesions have been stated to affect metabohc rate and thyroid his- 
tology With lesions m the central hypothalamus, a fall m metabolism was observed 
m cats (29) Cahane and Cahane (62) noted that infundibular lesions may produce 
a histobgical picture of mcreased or decreased activity m the thyroid gland From 
this and other evidence they postulated the presence of two centers m the infundibu- 
lar region, one situated between the optic chtac;ma and stalk which excites the secre- 
tion of the thyrotropic hormone and the other m the group of tubero-mammiUary 
nuclei which inhibits the secretion of this hormone Grafe and Grunthal (166) noted 
a fail m metabolism of 35 pier cent on destruction of the tuberal centers m a dog 
Section of the hypophysial stalk has been shown by most workers to have httle 
effect on the meta^hc rate or thyroid histology Uotila workmg on stalk-sectioned 
rats found that the thyroid remamed histologically normal (405), that it reacts with 
the usual atrophy to mjections of thyroxme or with the usual compensatory hyper- 
^phy after subtotal thyroidectomy (408), but that the normal hypertrophy evoked 
y a cold environment is lackmg (405, 407) He suggests that the basic secretion 
0 the thyrotrophic hormone is humoially controlled and mdependent of the pituitary 
stalk, but under certam environmental conditions this basic secretion can be modified 
y h}^thalamic impulses which reach the hypophysis via the pitiutary stalk, 
rohn (46) records a decrease of thyroid activity followmg stalk section m rats and 
agrees with Uotila that cold exposure of such animals does not lead to the usual hy- 
Psrtrophy Uotila (407) also found that the adrenal cortex was normal m wei^t 
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injection of copper acetate (127) On the other hand, administration of progesterone 
to oestrous (post-partum) rabbits blocks the ovulation mduced by copper salts (153) 
Injection of yohimbme is also reported to upset the normal sex rhythm m rats, pro- 
ducmg a state of constant oestrus of three to nme days’ duration (156) 

Although mtravenous mjection of acetylcholme is not followed by ovulation m the 
rabbit (291), Taubenhaus and SosLm (394) claim that direct apphcation of an acetyl- 
cholme-prostigmme mixture to theexpiosed pituitary glands of rats results m pseudo- 
pregnancy , and that similarly apphed atropme prevents the pseudopregnancy which 
normally follows electrical stimulation of the uterme cervix This evidence is taken 
by the authors to support the view that the adenohypophj^is is normally exated by 
a humoral transmission from the hypothalamus via the hypophysial portal vessels 
m the pituitary stalk 

A further method whereby the adenohypophysis may be exated is by mcreased 
dlu mm ation It is well known that mcreased lUummation m rmdwmter causes fe- 
male ferrets to come mto full oestrus earber than control animals (23) Ultraviolet 
light IS more active m this respect than lummous rays (290) Ferrets m which the 
pituitary has been removed are non-responsive to extra lUuramation (220), and sum 
larly, if the optic nerves are severed (24, 80), the cycles are freed from seasonal or 
photic influences or do not occur at all It seems likely from this and other evidence 
that m the ferret, hght stimulates the adenohypophysis by a neural, or neuro-humoral 
pathway from the retma There is evidence that the nervous impulses pass from the 
optic tract either to the ventral nucleus of the lateral geniculate body or to the sub- 
thalamus by way of the accessory optic tracts (80) However, it is claimed (244) 
that the ferret lacks any accessory optic tracts The final pathway servmg this 
reflex activation of the pituitary remams obscure It has been shown m the drake 
that hght which has a marked effect m stimulatmg the testis of the normal bird is 
also effective after enucleation of the eyeballs Gonadal stimulation was also ob- 
tamed if the hght was directed, by means of a quartz tube, on to the region of the 
pituitary gland (16, 17) These latter results are diflficult to evaluate 

(u) EypoihaJamtts and lactogenu: hormone It seems probable that nervous activ- 
ity plays a part m the removal of milk from the actively secretmg breast [the ‘letting 
down’ of milk from cattle (r86)], but it is unlikely that it is directly concerned with 
the actual secretion of milk, which would appear to be under hormonal control by 
the pituitary gland Stacker (390) showed that a mammary gland grafted into a 
rabbit’s ear contmues to seaete providmg normal glands are bemg suckled Also, 
lactation may occur normally m the completely sympathectomized cat (69), though 
some reports mdicate that occasional impairment of lactation follows sympathec- 
tomy (7, 68, 380) 

The idea was advanced by Selye and his co-workers (370, 373, 374, 375) that lac- 
tation IS mamtamed m rats and nuce by the act of suckhng, which stimulates the 
adenohypophysis by some nervous pathway to hberate the lactogenic hormone It 
was found that the stunulus of suckhng prevents mvolubon of the mammary glands, 
even those from which the mpple had been excised and no milk was removed Weich- 
ert (424) found that the posterior breasts tend to be neglected m rats with small 
fitters, but that regression of these is delayed by sucklmg of the more anterior glands 
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sensitivity and a lowered sensitivity to adrenaline Cleveland and Davis (82) found 
comparable changes in the reactions to insulin and adrenaline followed lesions in the 
medial hypothalamus, which mcluded the paraventricular and ventromedial hypo- 
thalamic nuclei Keller (250) similarly reports a markedly mcreased sensitivity to 
msuhn m the majority of cats with large hypothalamic lesions, though there was httle 
correlation between the extent and site of the lesion and the decrease m msuhn toler- 
ance After hypothalamic lesions m many cats Brobeck (42) found msuhn hyper- 
sensitivity m a very small proportion of cases Bams and Ingram (13) found 
hypoglycemia followed lesions m the anterior hypothalamus, especially if the para- 
ventricular nuclei were damaged Similar hypoglycemic effects have been reported 
by Keller and his associates (97, 250, 253) and by Cleveland and Davis (82) Bloch 
(30) reports only a wider range of blood sugar than normal after destruction of the 
medial hypothalamic area m cats Amehoration of a pancreatic diabetes by previous 
hypothalamic mjury has been observed m cats by Davis, Cleveland and Ingram 
(loo) and Cleveland and Davis (82) However, this findmg was not confirmed by 
Brobeck and Long (43) m partially depancreatized rats Ingram (237) m a recent 
report states that hypothalamic lesions greatly reduce the msuhn requirments of 
pancreatectomized cats (g out of 13), though there was no specificity as regards 
bcahzation of the lesion It would appear then that the cardmal signs of mter- 
ference with carbohydrate metabolism which follow hypophysectomy may also be 
found with lesions m the hypothalamus The possibdity that the neural lesions exert 
their effects by pituitary mediation may explam the frequent association by different 
workers between their lesions and the paraventncular nuclei Paraventnculo- 
hypopbysial connections have now been proven to exist, and there is no evidence 
assoaatmg these fibers with the functions of the neurohypophysis 

It IS generally agreed that section of the hypophysial stalk produces slight or no 
derangement of carbohydrate metabolism Brooks (50) found that stalk-cut rab- 
bits showed a normal blood sugar level and sugar tolerance, and there was no mcreased 
sensitivity to msuhn However, Westman and Jacobsohn (432) state that rabbits 
with transected stalks, m spite of normal blood sugar values, show the same extreme 
sensitivity to msuhn after 24 hours’ starvation as shown by hypophysectomized rab- 
bits Mahoney and Sheehan (280) noted no significant variation of blood sugar to 
follow stalk section m monkeys These results have been confirmed and extended by 
Brobeck, Magoun and Ranson (44) 

Stimulation of the lateral hypothalamus was shown by Himwich and Keller (222), 
and Magoun, Bams and Ranson (276) to produce hyperglycemia As pomted out 
by Fulton (157) this acute phenomenon is probably brought about by activation of 
the tympatho-adrenal medullary system at the hypothalaimc level Lewy and 
Gassmann (266) obtamed a more prolonged hyperglycemia lastmg a few days foUow- 
mg stimulation of the (penfomical) penventncular nucleus In prehmmary experi- 
ments Hams (201) has obtamed a marked decrease m msuhn sensitivity followmg 
prolonged stimulabon (one to three hours daily for one week) of the tuberal region m 
rabbits This glycotrophic effect is maximum after one week and slowly decreases 
stimulation These time relations may mdicate a slow hypertrophy of 
f e adrenal cortex as suggested by the work of Jensen and Grattan (r68, 245) and 
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and histological appearance after stalk section, and that unlike the thyroid, some 
hypertrophy was ehcited by the stimulus of cold Brooks (50) remarks that the 
thyroid and adrenal glands of stalk-cut rabbits were generally of normal waght and 
showed no obvious histological abnormahties Mahoney and Sheehan (280) de- 
scribed metabohc changes m puppies following stalk section as evmced by retardation 
of growth, sexual mfantilism, adiposity, refinement of hair and sluggish general be- 
havior Smce the pituitanes of these animals showed marked degenerative changes, 
they feel the condition may be explained by mterference with the major blood supply 
to these glands This work confirms earher work on dogs, such as that of Dott (121), 
who divided the stalk and mserted a small platmum plate between the pituitary gland 
and tuber cmereum He reported among other signs a lowered body temperature 
and degenerative changes m the th3T0id gland In stalk-sectioned monkeys, Ma- 
honey and Sheehan (280) found a normal metabohc rate Westman, el al (435) 
divided the pituitary stalk m 14 rabbits and found that m ii cases the thyroid gland 
exhibited the histological picture of diminished function All their rabbits showed 
marked genital atrophy These latter findmgs stand m contrast to those of Brooks 
(50) 

The effect of stimulation of the hyjxithalamus or hypophysis upon thyroid or 
adrenal function has not been the subject of much study Saxton and Greene (365) 
report that the stimulus of coitus causes the hberation of thyrotrophic and perhaps 
corticotrophic hormone from the hypophysis of female rabbits as well as the gonado- 
trophic hormone(s) Ellis and Wiersma (128) found that repeated electronarcosis of 
dogs and gumea-pigs caused hypertrophy of the thyroid and an mcrease m thyrotrophic 
hormone m the blood Prehmmary experiments by Green and Hams (172) have 
failed to demonstrate any mcrease m oxygen consumption m rabbits followmg elec- 
tncal stimulation of various regions of the hypothalamus and hypophysis Stunula 
tion was apphed by the remote control method for periods up to three hours daily 
for one week It is possible that further work, mvolvmg longer periods of stimula- 
tion of various regions, may produce different results 

There is some evidence then, that the secretion of the thyrotrophic hormone is under 
hypothalamic control, mediated by the pituitary stalk 

(iv) Bypolhalamus and the diabetogemc hormone Hypophysectomy produces an 
mcrdase m msuhn sensitivity (229), a tendency to hypoglycemia and amehoration of 
a pre-existmg pancreatic diabetes (228) Injection of antenor pituitary diabetogenic 
extracts may produce the reverse effects It is of mterest, therefore, with regard to 
hypothalamic control of the adenohypophysis, to consider how far these states may 
be duphcated by lesions or stimulation of the hypothalamus or hypophysial stalk 
For a previous review of this subject see Long (270) 

It has long been known that mjury or puncture of the tuber cmereum may be fol- 
lowed by glycosuria (6, 67, 423) Li many cases the glycosuria was of an acute 
nature, and it seems likely that it was mduced by exatation of the sympathetic sys- 
tem rather than the pituitary gland 

An mcreased sensitivity to the action of msuhn has been reported to follow hypo- 
thalamic lesions Ingram and Bams (239) showed that lesions m the antenor, 
supraduasmatic portion of the hypothalamus m cats produce an mcrease m msuhn 
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lanes then pass mto large trunks which run down the hypophysial stalk, draining 
into the pars diii tah*! where the blood is redistributed b> the large smusoids of the 
gland The pattern differs in detail in different animals, in the human the upper 
sjstem of capDlaiy'' loops and tufts bemg present m the infundibular stem as well as 
the median emmence Nen e fibers of the hypothalamico-hypoph}^^! tract, besides 
bemg intnnatety related to the suausoidal loops m the median eminence, pass m 
moderate numbers mto the pars tuberalis, where they may be seen associated mth 
the ^ascular plexus 

Hams (196), Hins^ (223), Brooks (50), Taubenhaus and Soskm (394) and others, 
hai'e mentioned the possibdity that neural control of the adenoh3'poph3’sis is humor- 
ally transmitted from the neurohypophysis to the pars distalis From the anatormcal 
studies mentioned abo^ e, it seems possible that nervmus stimuh might cause the 
liberation of some substance mto the capillary smusoids of the median emmence, 
this substance then bemg transpiorted via the hypophysial portal \'essels to excite or 
inhibit the pars distalis Evidence concemmg this new has been summarized b\ 
Hams (198) and Green and Hams (171) 

G) Ovulation m the rabbit normally occurs 10 hours after coitus If hj'pophj'sec- 
tom}' IS performed withm one hour of coitus, ovulation does not occur (132) It 
appears that the pituitary must remam mtact for one hour followmg coitus for the 
secretion of suffiaent gonadotropic hormone to produce folhcular rupture. Smce 
the nervous stimulus of matmg takes only a few mmutes, this may mdicate that one 
link m the cham of events is a slow, humoral exatation of the adenohj’pophysis 
Westman and Jacobsohn (432) claim that transection of the stalk 40 mmutes after 
coitus does not prei'ent the subsequent oiailation, so it would seem that the dela}’’ 
occurs m the pitmtary gland itself 

(u) Mariiee, Sawyer and Hollmshead {284) have shown that ovulation is more 
easily ehated by electrical stimulation of the hj’pothalamus than of the hvpmphj'sis 
At the time of their report the same result had been obtamed from experiments m 
which the hypothalamus or pitmtarj-^ gland had been stimulated m rabbits bj' the 
remote control method (Hams, 201) Direct stimulation of the adenohj’pophj’sis 
or the hypothalamico-h}'poph3’sial tract m the mfimdibular stem for 15 hours, m 
hourl3 penods distributed o^rer 5 days, failed to ehat o^^llatlon, whereas similar 
stimulation of the tuber cmereum for three mmutes (a tune period approachmg that 
of the normal stimulus of coitus) was followed by an oimlatory response If the 
adenohypoph3'sis is devoid of a direct secreto-motor nerve suppl3’’, it is possibl3 
not exatable by direct electncal stimulation (cf electncal stimulation of the dener- 
vated adrenal medulla, 70) 

(m) The different effects recorded after section of the hypoph3'Sial stalk (40, 50, 
54, 106, 109, no, in, 121, 196, 215, 223, 252, 263, 280, 352, 405, 434, 435) ma3 be 
explamed b3 variations m degree of regeneration of the h3'poph3’Sial jiortal iressels 
The observaPon of Brooks (50) that the h3’poph3'sial piortal \ essels of his stalk-cut 
rabbits either had not been completely destroyed by the operaPon or had become 
reestablished m part is of mterest m this connecPon Those workers who haie 
taken the precauPon of placmg small metalhc plates between the divided ends of the 
stalk (121, 429) ha\’e described gonadal atrophy followmg the ojieraPon India ink 
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Hembecker and Rolf (210) A possible explanation for the onset of diabetes mellitus 
during a course of metrazol therapy (173) may be hypothalamico-hypoph3rsial exata- 
tion by this drug 

3 DiffimUtes in Accepting a Direct Secreto-motor Innervation 

The outstandmg features at the present time are the large bulk of evidence relating 
the activity of the adenohypophysis to neural control m general and hypothalamic 
control m particular, the conflicting evidence concemmg mterference with adenohy- 
pophjisial function that follows pituitary stalk section, and the scaraty of nerve 
fibers m the pars distahs There is no convincing evidence imphcatmg the peripheral 
autonomic system with pituitary activity 

The pars distahs of the pituitary may, m general terms, be described as a gland 
under nervous control but lackmg a nerve supply This statement would appear 
to be most hterally true for the bird where exteroceptive factors play a large part m 
regulatmg gonadal activity m spite of the apparent lack of nerve fibers m the pars dis- 
tahs (124) 

There is much experimental and chnical evidence that the hypothalamus is func- 
tionally linked with anterior pituitary activity The most direct route by which 
this influence might be exerted is by means of the nerve fibers or blood vessels of the 
hypophysial stalk It seems possible to ehmmate the nerve fibers of the stalk from 
partiapation, smce section of the hypoph3rsial stalk may not mterfere very markedly 
with the functions of the gland However the portal vessels of the stalk, unlike the 
nerve fibers, may undergo repair foUowmg stalk section, and so reestablish humoral 
transmission of stimuh to the pars distahs 

4 Evidence Concerning N enro-vascnlar Transmission of Stimuli to the Adenohypophy- 

sis 

Popa and Fieldmg (338, 339) were the first to descnbe a true portal system of 
blood vessels m the pituitary stalk From a study of human material they de- 
scribed a ^tem of vessels collectmg blood from all parts of the pituitary gland and 
unitmg mto larger trunks which could be traced up the stalk mto the h^iothalamus, 
where they were seen to break up mto the ‘secondary net’ of capillanes Wislocki and 
Kmg (442) and Wislocki (437, 439) confirmed the presence of these vessels, but dif- 
fered from Popa and Fieldmg m descnbmg the upper lumt of the portal vessels as 
situated m the expanded lower end of the tuber cmereum (known as the median 
enunence), the direction of blood flow as bemg downward and the blood drammg en- 
tirely mto the pars distahs Smce the median emmence is part of the neuroh)ipophy- 
sis, the term ‘hypophysial portal system’ was substituted for ‘hypothalamico-hypo- 
physial portal system ’ Green and Hams (171) remvestigated the region m a vanety 
of mammak (rat, gumea-pig, rabbit, dog and man) and largely confirmed thefindmgs 
of Wislocki They described small arterial twigs runnmg from the mtemal carotid 
and posterior communicatmg artenes to supply a large vascular plexus situated be- 
tween the pars tuberahs and median emmence From this plexus very charactensbc 
smusoidal capillary loops penetrate the median emmence where they are surrounded 
by the wealth of nerve fibers of the hypothalamico-hypophysial tract These capil- 
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injections of the vascular tree of rats with divided stalks (201) indicate that regenera- 
tion of the hypophysial portal vessels may occur The observation of Westman, 
Jacobsohn and HiUarp (434) that it is the connection of the pars tuberahs with the 
hypothalamus and not that of the mfundibular process which is of significance in 
preservmg a normal cytology of the pars distahs and a normal output of gonadotrophic 
hormone mdicates the importance of the structure beanng the portal vessels 

(iv) The results of Dempsey (106), Dey (114) and Lemmger and Ranson (263) 
mdicate that a greater disturbance of the oestrous cycle m the gumea-pig may foUov? 
a lesion m the median eminence rather than section of the hypophysial stalk This 
might be due to the former producmg a complete, irreparable denervation of the 
median emmence and smusoidal capillaries, while stalk section allows the possibihty 
of vascular repair 

(v) In some animals, such as the whale (Wislocki and Geihng, 441), porpoise 
(Geihng, Vos and Oldham 160), sea-cow (Oldham, McCleeiy and Geihng, 322), 
armadillo (Oldham, 321) and Indian elephantCWislocki, 440) the mfundibular lobe 
IS separated from the pars mtermedia, or pars distahs if the mtermedia is lacking, 
by a coimective tissue septum denved from the dural capsule of the gland This 
septum ehmmates the mam pathway for nerve fibers between the mfundibular process 
and pars distalis However, from the hterature it seems these animals have a pars 
tuberahs m contact with the median emmence and probably a portal system of ves- 
sels The pars distahs of the porpoise is said to be free of any nerve fibers (123), but 
this animal diows a very well marked hypophysial portal system ongmatmg m the 
median emmence, passmg ventrally m front of the connective tissue septum separat- 
mg the two lobes and endmg m the pars distahs (200) 

(vi) Taubenhaus and Soskm (394) state the pars distahs of the rat may be stimu- 
lated by local apphcation of a prostigmme-acetylchohne mixture They adduce this 
fact, among others, as evidence for the theory of humoral control of the adenohy- 
pophysis 

At the moment there is msuffiaent evidence available to estimate the functional 
importance of the few nerve fibers which enter the adenohypophysis or of the hy- 
pophysial portal vessels Further mformation regardmg this basic problem of en- 
docrme physiology is eagerly awaited 
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particular agglutinative and other effects bad been observed by von Dungem (231), 
BuUer (6), SchiicLing ^,192) and DeM^er (29) but bttle attention was paid to these 
until F R l (107-116) initiated an eitmsive senes of investigations of the 
subject LiUie showed that the supernatant sea water (termed egg water) from a 
suspension of npe, unmjured, sea urdun eggs would, when added to a suspension of 
sperm of the same speaes, cause an agglutination of the spermatozoa Another effect 
of the egg water that he noted consisted m an mcrease m the activity of the sperma- 
tozoa. A third effect, namely chemotans of spermatozoa by egg water, has also 
been claimed by vanous workers (see 144, for cntical review) but this still requires 
adequate demonstration A fourth effect of egg water consists m mducmg spawnmg 
of npe males of certam speaes of animals While the term fertilizm has been used 
to designate the substance or substances m egg water havmg all of these as well as 
other rioted eSects, the agglutinative action is the one most generally employed m 
the tests 

I Ag^uixnalitm The agglutinating action of egg water upon spermatozoa of the 
sdite speaes has been observed m a large number of speaes of animals, particularly 
among the echmoderms A fairly complete list of speaes m which such agglutination 
has been reported is given m table i Certam of these require some qualification 
Thus, the report of agglutination m the fish Fundulus and the frog by Glaser (52) 
u contained sunply m a parenthetic sentence, so Montalenti and Schartau’s (141, 191) 
account m the Lamprey is the first real descnption of the phenomenon m vertebrates 
In Chiton tuberculatus, SouthwicL (195) reports negative results with egg water but 
confirms Croaerts (25) findmg of agglutination of spermatozoa that have passed 
through the mantle ca^^ty of a male or immature female In the starfish several 
workers (190, 91, 204, 133) find no agglutinative effects of ordmary egg water Nega- 
tive results are, of course, not frequently reported m the hterature smce failure can 
often be attributed to lack of suffiaent trial under proper conditions However, m 
addition to the cases mentioned above, it seems reasonably certam that agglutination 
of sperm does not occur with ordmary egg water m several speaes of chitons, the 
ababne and Cummgia (190) nor m Urechis campo (204) Even among the echmoids 
the phenomenon is evidently not umversal smce Vasseur and Hagstrdm (230) report 
failure of isoagglutination m Bnssopsis Ijuifera 
LiUie (114) was aware of the fact that m many speaes of animals the agglutinative 
action of egg water was lackmg Ne\'ertheless, he assumed that an analogous fer- 
tihian was present m such speaes but m insuffiaent concentrations or m altered con- 
ditions, so that the readily ^^sible agglutination was not apparent. Support for this 
Mew will be presented below m a discussion of 'univalent’ fertilizm 
In the agglutination reaction m the sea urchins the sperm ordmanly umte mamly 
by then heads (i 14, 36) However, tad to tad and head to tad as well as head to head 
unions have been reported m other groups of animals suth as the chiton Kathanna 
tunicata (igo) and the keyhole limpet Megathuia crenulata (202) They may occur 
m sea urchms, too if the sperm suspensions are allowed to age (190) The tj-pes of 
reaction obtamed with egg water are quite similar m appearance to those obsen-ed m 
the agglutination of sperm m antisera, such as figured b} Henle, and Chambers (78) 
for bull spermatozoa The latter authors have demonstrated separate antibodies for 
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I N THE PRESENT ARTICLE an attempt IS made to review tie work on fertilization 
which, for the most part, correlates the reactions mvolved with those of 
i mm unological processes Such correlation has been mdicated by many earher 
wnters Thus Loeb (124) pomted to the similanfy of fertilization to phagocytosis, 
although he did not go much beyond the superficial resemblance of these two proc- 
esses A closer correlation is denved from the presence m eggs and sperm of specific 
substances that mteract m the manner of antigens and antibodies F R. LiUie (107- 
118), who provided the first substantial demonstration of cme of these substances, 
which he termed fertihzm, also attempted a description of the fertilization process m 
i mmu nological terms The correlation becomes even stronger as a result of recent 
work showmg that an ensymatic lytic agent termed hyaluromdase may be involved 
m both fertilization and infection 

In many respects present-day knowledge of immunological reactions is further 
advanced than is that of the reactions of fertilization So, to the extent to which the 
two may be correlated, immunological pnnaples may help explam various features 
of fertilization However, it can be antiapated that the relation will not remam one- 
sided and there are, m fact, already mdicabons of the direcfaons from which studies 
on fertilization may contribute to our knowledge of mununity 
There are four specific mteractmg substances, or groups of substances, of eggs and 
qierm which will be considered m this review These have been designated fertihzms 
of eggs, antifertilizms of sperm, antifertihzms of eggs and l)dic agents of sperm 
Hartmann (64) has mtroduced the term gamone to designate the substance denved 
from eggs (gynogamones) and sperm tandrogamones) However, the hormonal 
analogies of that tenmnology seem at least as objectionable as the imphcation of 
Lilhe’s terms The term ovulm, suggested by Dalcq (26), and a correspondmg 
spermulm might be preferable, but smce the fertihzm tenmnology is so widely 
known it would be best to adhere to it for the present When the vanous substances 
become better characterized, designation can, of course, be more readdy made on the 
basis of ^eofic chemical action and properties Thus one of the lytic agents ob- 
tained from sperm is now termed hjmluromdase because of its enzjmiatic action on a 
polysacchande known as hyaluronic aad (134) 

frp. BTTT.TTTN 

A Effects Several early embi3mlogists m studies on fer tili z a tion m echmoderms 
had noted effects of egg extracts on spermatozoa of the same or foreign speaes In 

1 Woit of the author reviewed here has been aided by grants from The Rockefeller FoundaUon 
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also been described m Katharma (igo), m Megathura (202) and even in a sea urchin, 
Echinocardium cordatum (230, 183) Spontaneous reversal cannot, then, be re- 
garded as a cntenon for typical isoagglutmation It is a phenomenon that is not 
ordmanly encountered in serological reactions and, therefore, requires further con- 
sideration This will be given below in the section of 'univalent’ fer ti hz ui Apart 
from the occurrence of spontaneous reversal m sea urchms, the agglutmation of 
spermatozoa by egg water is essentially a serological type of reaction as Ldhe (1Z4) 
mdicated Even such features as the zone phenomena are manifested (202, rg6) and 
other evidence, to be presented below, pomts to basic similanty to antigen-antibody 
reactions 

2 Adivalton The stimulatmg action of egg water on the motihty of spermatozoa 
has been noted m most of the speaes listed above, mdudmg many of those not ex- 
hibitmg agglutmation Most of the observations on mcreased activity of sperm are 
hi^dy subjective, so that it would be difficult to mate a very useful list. When the 
spermatozoa are normally highly active, as is the case with freshly shed dilute sperm 
fr^ fully npe males of most speaes of sea urchms, an achvatmg effect of egg water 
IS not readily discemable, as LiUie (i 14) noted Efowever, when they are m a rela- 
tively qmescent condition, as a result of agmg or special treatment, tests of activation 
by egg water may be made and several workers have reported such action m sea 
urchins as well as m other anunals Accompanymg such mcreased activity increase 
m rate of oxygen, uptake of the spermatozoa under the influence of egg water has also 
been noted m certam speaes Ihus Gray (59) presents data on the mitial respiratory 
rate of Echmus esculentus sperm m egg water that ranged m different tests from 210 
to 425 per cent of the control values In another speaes, Echmus mihans, no such 
mcreases are noted (59, 60), but rather a retardation m the normal declme m respira- 
tory rate that occurs with time The difference m response correlates with difference 
m activity of the sperm suspensions m the two speaes, those of E mihans bemg or- 
dmanly much more active than those of E esculentus In Arbaaa, Hayashi (72) 
notes a deaease m the rate of oxygen uptake under the mfluence of egg water He 
attributes this to the agglutmatmg action of the egg water However, it has been 
shown (e g , Haurowitz and Schwenn, 70) that cells may be agglutmated by 
antibodies without reduction of them respiratory rate In another speaes of sea 
urchm, Strongylocentrotus purpuratus, tests m this laboratory (196) have shown no 
maease m respiratory rate upon the addition of egg water to the suspensions On 
the other hand, m the keyhole limpet, Megathura crenulata, the rate maeases to 
between 300 and 400 per cent (221) 

3 ChemolaxK Vanous early mvestigators have presented evidence both for and 
agamst the existence of an attractive mfluence of eggs or egg water for spermatozoa 
In an extensive review of the subject Morgan (144) concluded that the evidence pre- 
sented m favor of such chemotaxis does not actually support it The prmapal diffi- 
culty consists m distmguishmg between chemotaxis and the trap action type of 
behavior described by Jenmngs (84) Although there has been a number of more re- 
cent reports concemmg chemotaxis (21, 66-69, 230, 232), m none of these does this 
difficulty appear to be resolved 

4. Spawning In marme a nimals the sheddmg of gametes by animals of one sex m 
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head and tad antigens in such antisera produced in rabbits For the action of the 
egg waters the evidence (202) indicates that only one kind of agglutinin is involved 
However, the essential absorption tests with separate head and tad fragments of 
qiermatozoa have not as yet been performed 

TABLE 1 Species of anhials in which agglutination of speeh bv 

EGG water has been D ESCHIBED 

Ecfnnoids 

Arbaaa punctulata (LiUie, 1912, 1913) 

Arbacm pustulosa (Elster, 1935, Hartmann rf aJ , 1940) 

Strongylocentrotus purpuratus (Loeb, 1914, Lillie, 1921, Tyler, 1940) 

Strongylocentrotus franascanua (Loeb, 1914, Lillie, 1921) 

Paracentrotus hvidua (Just, 1929, Elater, 1935) 

Echmua microtuberculatua Gust, 1929, Elater, 1935) 

Ectmus esculentus (Carter, 1932) 

Psammechmus mi liana (Vasseur and HagstrBm, 

EcJunometra aubangulana (Southwick, 1939) 

Spbaerechmus granulans (Elater, 1935) 

Eclunocardium cordatum (Elster, 1935, Vasseur 
vail, 1946) 

Echmarachniua parma Gn®L 1919) 

Asteroids 

Aatenas forbesu (Glaser, 1914) 

Astenaa pectinifera (Nomura, 1924) 

Amplaneuran mollusks 

Chiton tuberculatua (Croner, 1922) 

Katharma tumcata (Sampson, 1922) 

Gastropod moUusks 

Megathura crenulata (Tyler, 1940) 

Pdecypod mollusks 

Ostrea vugmica (Glaser, 1921) 

Ostrea circumpicta (Terao, 1926) 

Solen ensiB (von Medem, 1942) 

Pecten vanus (von Medem, 1942) 

Polychael anndtds 

Nereis hmbata (LiUie, 1912, 1913) 

Platynereis megalops Qust, 1915, 1930) 

Cyclostome 

Lampetra fluviatibs (Montalenti and Schartan, 1941) 

Fish 

Fundulus heteroditua (Glaser, 1921) 

Salmo indeus (Hartmann, 1944, 1947) 

Amphibia 

Rana pipiens (Glaser, 1921) - 

An mteresting feature of the agglutmation reaction, as it occurs m most speaes of 
sea urchms, is its spontaneous reversibihty Ldhe (114) and Just (91) considered this 
feature to be characteristic of isoagglutination reactions as contrasted with the more 
permanent umon they observed m the heteroagglutmation of sperm by egg water or 
body fluids of a foreign speaes However, Ldhe (109, p 552) noted that m Nereis 
“the agglutmations are essentially permanent” and irreversible isoagglutmation as 
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preapitates the agglutinin along with certain sea water salts The preapitate is 
tabm up in 3 3 per cent NaCL The agglutmin is again practically quantitatively 
precipitated by Ae addition of five volumes of 95 per cent alcohol to four volumes of 
the salme solution m the cold Larger amoimts of alcohol give no mcrease m the 
amount of preapitate or agglutmm The agglutmm can be repreopitated from 
salme solution with alcohol or with ammonium sulphate, which Woodward ( 247 )> 
lyier and Fox (222, 223) and Kuhn and Wallenfels (95) showed to be an effective 
saltmg-out agent. However, electrophoretically homogeneous preparations are ob- 
tained without the use of ammonium sulphate An egg water with an agglutmative 
titer of about 4000 yields appro xima tely one mgm of alcohol-precqntable material 
per cc. 

RunnstrBm, Tisehus and Vasseur (189) have shown that the material of the gelati- 
nous coat of Psammechmus eggs is of pronounced aadic character mig ratin g electro- 
phoretically to the anode at pH 6 o to pH 3 8 Ultracentnfugation of a solution 
contammg o 26 mgm N per cc. showed a mam component with a sedimentation con- 
stant of 2 9 X io~^* varymg with concentration m the manner characteristic of elon- 
gated, gel-formmg molecules. In the absence of measurements of double refraction 
of flow, estimates of the molecular weight cannot readily be made They also rqiort 
a positive carbohydrate reaction of the material by a carbazole method Their solu- 

tions did not exhibit agghitmatmg action, which is weak and often lacking m Psam- 
medunus (cf 230) This may, however, be due to condition of the sperm or some 
modification of the material, so it is not unreasonable to assume that their data may 
apply quahtatn^ely to agghitmms of other speaes 
With hydrolj'zed (three hours boihng m one N HCl) agghitinin preparations of 
Strongjdocentrotus carboh}Tirate reactions have been obtained (221) with Mohsch’s 
and related reagents With phenylhydrazane an osazone havmg the crystal form of 
galactosazone has been obtained The hydrolyzed agglutmm jnelds reducmg sugars 
amountmg to about 15 per cent (calculated as glucose) of the original material 
present Hsmg Kunitz’s (99) method, glucosamme has also been found m the hy- 
drolysate by Krauss (93) m amounts equu’alent to about four per cent of the ongmal 
material In Arbaaa, Kuhn and Wallenfels (95) find about two thirds of the mtrogei 
m the supernatant of a vngorously h)drolyzed agglutmm preparation to be ammo 
mtrogen It is evident that the agglutmm of sea urchms contams both sugars and 
ammo aads and may, then, be considered a glycoprotem 
The agglut mm s have been found to be heat labile (114) The macUvation time is 
a function of pH and differs considerably m different speaes (223) Both Strongylo- 
centrotus purpuratus and Megathura crenulata agglutmms are most stable around pH 
4 m sea water but, whereas the former is half mactrvated mis mmutes at ioo°C , the 
latter requires over 24 hours A similar difference is found m their rate of mactiva- 
tion by trypsm and chymotrypsm No coagulation occurs when the fertihzins are 
mactivated by boihng and the mitial loss of agglutmatmg activity does not mvolve 
destruction of abdity to combme with spierm 
2 Adnaling agent In 1939 Hartmann, Kuhn, Schartau and Wallenfels reported 
that the spei ui-stimulatmg agent of .Arbaaa pustulosa egg water is identical with a 
pigment known as echmochrome, which Ball (4) and Lederer and Glaser (102, 56) had 


184 


ALBERT TYLER 


Vclume 2S 


response to the presence of gametes of the opposite sex is quite commonly observed 
Such stimulation of spawmng h^ been reported m chitons (73), m nereids (117, 85), 
m sea urchins (43), m oysters (46-49, 158) and m mussels (250) In the case of the 
nereids and the oysters it has been shown that egg water alone will mduce spiawmng 
m males of the same species Properties of the spawnmg-mducing agent and its 
relation to the agglutinm present m egg water will be considered below 
B Chemicai, propeeties I Aggluhmn The source of the agglutmative agent 
of the egg water has been the subject of some controvert Ldhe (no, 116) showed 
that the gelatmous coat of the sea urchm egg con tarns the agglutinm m high titer but 
considered it to be contmuously produced by the npe unfertilized eggs as they re- 
mamed m sea water Loeb (122) on the other hand considered the agglutinm to be 
simply particles of the gelatmous coat While Ldhe’s exjienmental data have been 
confirmed, recent evidence of Tyler and Fox (222, 223), l^ler (202, 204), Evans ef d 
(38), Hart m a nn d al (69), Vasseur and HagstrSm (230) and RunnstrSm and Lmdvall 
(183) identifies the [agglutmm with material of the gelatmous coat that goes mto 
solution as the eggs stand m sea water, and rules out any contmuous production' or 
secretion by the eggs after they are shed from the ovary 
Lilhe (no) showed that the sperm agglutinm of Arbacia egg water, by its failure 
to dialyze through a collodion membrane, is of large molecular size. Glaser (50) and 
Woodward (247) failed to obtam, with Arbaaa egg water, the common protem tests 
except for a weak xanthoproteic test More recently Tyler and Fox (222, 223) ob- 
tamed positive xanthoproteic, biuret and MiUon’s reactions with agglutmm prepara- 
tions of Strongylocentrotus and of Megathura prepared by dialysis and ammonium 
sulfate preapitation of ‘uncontammated’ egg water, while Kuhn and WaUenfels (95) 
obtamed positive nmhydnn reaction with an agglutinm (termed by them HilfstrSger) 
preparation of Arbacia From vanous other chemical properties, mcludmg especially 

inactivation by ciystallme preparations of the protemases tiypsm and chymotiypsm, 
it has been concluded by Tyler and Fox (222, 223) that the agglutmms of the sea 
urchin and the keyhole limpet are of the nature of protems However, the mtrogen 
content is considerably lower than the values usually obtamed with sunple protems 
Values around five per cent have been obtamed m Megatbura and Strongylocentrotus 
(223) and 8 o to 8 5 per cent m Arbacia (95) With agglutmm preparations of 
Strongylocentrotus that show a smgle electrophoretic boundary and from which the 
organic material can be practically completely absorbed by the sperm, nitrogen values 
of 5 6 to s 7 per cent have been obtamed (221) 

It has been suggested by Carter (ii) that the agglutinm is a substance related to 
thyroxme which, he finds, causes an irreversible agglutmation of sperm of sea urchins 
and starfish Possibly some such substance may be hberated from egg water but 
tViiH remams to be adequately demonstrated 
For the preparation of the agglutmm of Strongylocentrotus purpuratus the foUow- 
mg procedure has been found (221) to be most effective The washed egg suspiension 
is aadified to pH 3 s which dissolves the gelatmous coat of the egg A 20 per cent 
suspension of eggs thus yields an egg water havmg a titer (ma xim u m dilution givmg 
agglutmation when tested with an equal volume of one per cent sperm suspension) 
of about 1000 Addition of 4 cc, i N NaOH per 100 cc of the egg water completely 
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sumlarly inactivated by heat, speaes specific and bound by sperm Townsend (199) 
has suggested that the agent may be glutathione but her evidence does not appear 
veiy convincing 

Galfsoff (46-49) has presented some data concemmg the nature of the spawnmg- 
mduong agent m the oyster egg water without making any direct comparison with 
the sperm agglutmm He finds it to be relatively heat stable and dialyzable Eggs 
of the pelecypod mollusks and of the starfish, but not the sea urchm, will mduce 
spawning of male 03rsters which will respond occasionally also to oyster sperm Fe- 
male oysters will respond to the presence of speaes-sperm or a thermolabfle 
constituent that is msoluble in sea vrater and soluble m alcohol and benzene, but not 
to sperm of other pelecypods The male oysters also respond to a variety of chemical 
substances mcludmg thyroxm and glutathione, but Galtsoff (49) does not conclude 
that either of these are the active agents m egg water 
Nelson and Alhson (158) have shown that the receptors, for the stimulation of 
spawning of the male oyster by eggs, are located on the surface of the demibranchs 
and that the sheddmg of sperm results from a relaxation of the sphmcter of the dis- 
tended sperm duct A new hormone-hke substance, termed diantlm, was discovered 
earher by Nelson (rpss) m oyster sperm When added to the mcurrent water tins 
agent causes a great mcrease m the rate of water pumpage through the oyster’s gills 
Nelson and Allison show this effect to mvolve relaxation of the adductor muscle, 
enlargement of the gill openmgs and maeased ciliary acbvity This effect is not 
given by sperm of other moUus^ or annehds, nor by various substances that mduce 
spawnmg of the male oyster By means of various tests, mcludmg macbvation by 
trypsin, they show diantlm to be of a protem nature Upon aadification (o i N 
HCl) they obtam separate basic protem and nucleoprotem (nucleic aad ?) fractions 
which, by themselves, are macUve but which can be recombined to give the active 
agent agam Diantlm is evidently qmte different from the alcohol soluble substance 
of sperm which, accordmg to Galtsoff, mduces spawnmg of the females It could, 
however, be related to the antifertilizm of sperm which is discussed below (p 193) 
C 'Untvaiisnx’ PER xmziN 1 Sponlaneous reversal of aggluhnalton In the usual 
serolo^cal reactions with immune sera or specific normal sera, agglutmation 
ordinarily persists as long as the cells remam mtact. IVhile this is the case, too, for 
the action of egg water on sperm m certam species of anunals, spontaneous reversal 
occurs in various speaes of sea urchms If mterpretations of the medianism of agglu- 
tinaPon reactions are to apply to these reactions, too, the reversal must be taken mto 
account There is now fairly general acceptance of the mutual multivalence theory 
of Heidelberger (74, 75) and Marrack (128) which recent evidence of Pauhng el al , 
(see 167, 169) strongly supports Briefly, the theory postulates that antigen and 
Mitibodj’ are both multivalent with respect to their structurally complementary com- 
binmg groups Agglutmation or preapitation, then, results from the buildmg up of 
aggregates by combination of each molecule of antigen or antibody with more 
than one molecule of the other ‘Univalent’ antigen (e g , a smgle hapten) or ‘uni- 
valent antibody, although still capable of reactmg specifically, would be mcapable 
of formmg such aggregates and would inhibit agglutmation or preapitation of the 
multivalent’ reagents 
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been able to isolate m crystalline form from sea urchins This pigment occurs in the 
test and elaeocytes of sea urchms, but only m the genus Arbaaa is it also found m the 
eggs It is not surpnsmg, then, that no activating influence of echmochrome, nor of 
the related spmochrome, was found (201) m experiments with Strongylocentrotus 
purpuratus However, m Arbacia punctuiata negative results have also been re- 
ported (21) and it has been suggested that the ongmal s tim ulating action may have 
been caused by alkalinity of the solutions Kuhn and Wallenfels (94-97, 233-238) 
have determined the structure of echmochrome and related pigments and &d them to 
be substituted naphthoqumones, the first examples of this class of pigments to be 
found m a nim a l s Although it is closely related and may be readily converted mto 
compounds havmg vitamin K activity, echmochrome A (3, 5, 6, 7^ 8-hydroxy, 2- 
ethyl, I 4-naphthoqumone) itself was found (98) to have no antihemorrhagic action 
m chickens Possibly it may act m such manner m sea urchms Accordmg to 
Shapuo (193) it IS partially released mto sea water from fertilized but not unfertihzed 
eggs 

Kuhn and Wallenfels (95) showed that, when eggs of Arbacia pustulosa are de- 
praved of their gelatmous coat, frozen, thawed and extracted with sea water, the 
echmochrome is obtamed m combmation with a nondialyzable earner Accordmg to 
Hartmaim el al (69) this flimary complex’ has no stimulatmg or agglutmatmg acbon 
on spermatozoa but active echmochrome can be spht off by means of dilute aad If 
the eggs are not depnved of their gelatmous coat the extract contains the latter ma- 
terial bound to the bmary complex as a cocamer (Hilfstrkger) to form a tertiary com- 
plex which, they find, has both activatmg and agglutmatmg action Upon dialysis 
agamst distilled water the bmary complex preapitates out leavmg the cocamer m 
solution The latter shows agglutmatmg but no stimulatmg action on the sperm 
Comman (21) has confirmed the stimulatmg action of a smularly prepared tertiary 
complex m Arbacia punctuiata but attnbutes its activity to the pratem portion 
However, he and also Vasseur and Hagstrhm (230) report that the activatmg agent 
IS at least partially dialyzable On the other hand Kuhn and Wallenfels (95) report 
that the activatmg agent m egg water fails to pass through cellophane even after 
several days dialysis against sea water In Strongybeentratus and Megathura, 
Tyler and Fox (222, 223) also find the activatmg agent to remam associated with the 
agglutmm upon precipitation with ammonium sulphate and dial3^is Clowes and 
Bachman (19) had noted that a sperm-stimulatmg agent can be distilled from egg 
water by boihng Comman (21) confirms this and adds that the distillate becomes 
mactive very qmckly at pH 6 Possibly some nonspecific agent such as ammonia 
may be mvolved Thyroxme has been shown by Carter (9-12) to activate unnpe 
sperm and he suggests that a related substance m egg water is the effective agent 

On the whole the evidence mdicates that the activatmg agent is normally bound to 
the agglutmm and may perhaps be spht off as a smaller molecular constituent under 
certam conditions, but its chemical identity does not appear to be unequivocally 
established 

3 Spawmng-^nduang agent There were mdications m the early work of Lilhe 
and Just (117) that the agent m Nereis egg water that mduces spawnmg of the males 
rmght be the same as the sperm-agglutmm which it resembled m bemg nondialyzable, 
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4. ‘Umvalenl’ anltbodtes The work on 'univalent’ fer t il izin has its countcipart m 
the field of immunology Analogous conversion of agglutmms or preapitms of im- 
mune sera mto ‘umvalents’ has been obtamed by vanous workers (see 212 for refer- 
ences) by means of such agents as heat, diazo compounds, formaldehyde and photo- 
oxidation In these cases the effect is also mterpreted (209-213) as due to a sphttmg 
of the antibody molecules and, m addition, a reassooation of the 'univalent’ frag- 
ments with similarfy’ spht nonantibody protem of the serum The ‘univalent’ anti- 
bodies re tain theiT ongmal speofiaty and, m the case of an anbtosm (229), may still 
function as a protective agent Such treated antisera are found to have, m general, 
reduced antigeniaty and may thus be of some practical value m connection 
with serum sickness, etc. Analogous to the occurrence of nonagglutmatmg fer til i ain 
in some speaes of anima l*;, immune antibodies have also been found to be formed as 
‘umvalents’ m certam cases (20, 163, 77) Of recent mterest are the blockmg (‘univa- 
lent’) antibodies found m Rh antisera (242, 177, 40, 106) In the presence of serum 
albumm these antibodies are found (243, 30, 27) to be capable of agglutinatmg 
Rh positive cells This agam resembles the situation m the starfish where an adju- 
vant IS needed to enable the egg water to agglutmate homobgous sperm (133) 

D SPEcmcrry The sperm-agglutmm of egg water is fairfy specific for homolo- 
gous sperm Cross-reactions may occur between related speaes and, vriule these 
are generally weaker than the homologous reactions, occasionally they may be even 
stronger (see 36, 230) In addition there are instances of aoss-reactivity between 
remotely related species, such as the aggbtmation of Nereis sperm by Arbaaa egg 
water (109) The Nereis sperm are also agglutmated by Axbacm body fluid which 
has no agglutmatmg action on homobgous sperm Lilhe (no) showed that the 
heteroagglutmatmg activity of Arbaaa e^ water could be removed by absorption 
with Nereis sperm, or even sperm of the teleost fish Ctenolabrus, leavmg the iso- 
agglutimn mtact Just (87) has also presented evidence for a separate heteroagglu- 
tmm to account for the action of Arbaaa egg water on Echmarachmus sperm. How- 
ever, Elster (36) finds m aoss-tests among echmoids, no mdicabon of distmct hetero- 
agglutmins 

Heteroagglutinins are of quite widespread occurrence m the normal serum and body 
body flmds of vertebrates (see 241, loi) and mvertebrates (82, 225, 215) It is not 
suipnsmg then that cross-reactions are found (e g , 109, no, 87, 91, 190, 57, 69, 184) 
to occur between spermatozoa and foreign egg waters, body flmds and spermatoma or 
their extracts A recent mvesbgation by Tyler (215) of the body flmd and semmal 
fluid of 12 speaes of mvertebrates showed these flmds to have agglutinatmg action on 
the spermatozoa or blood cells of some or most of 34 speaes of animals In bbster 
serum, which normally acts on the sperm or blood cells of a wide variety of animals 
throughout the animal kmgdom, at least ten distmct, relatively class-speafic, agglu- 
tmms have been demonstrated, by Tyler and Metz (224, 225) by means of absorp- 
tion tests Cells (blood cells or spermatozoa) of one speaes remove the agglutmms 
for other speaes of the same group, but not those for spedtes bebngmg to other groups 
The ten different heteroagglutmms of lobster serum are evidently (227) represented 
by a smgle protem component that is electrophoreticaUy homogenous and of brge 
molecular size. In starfish body flmd at least four distmct heteroagglutmms are 
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After spontaneous reversal m the sea urchin following agglutination by excess egg 
water the spermatozoa cannot be reagglutmated (114), although they remain mtact 
and active It has also been shown (223) that the agglutmm is considerably more 
stable m speaes like Megathura m which the agglutmates persist. Several mterpre- 
tations of the reversal, consistent with the mutual multi'i^ence theory, have been 
suggested by Tyler (204), mcludmg the view that the fertihzm molecules are spht by 
action of the sperm leavmg essentially umvalent fragments combmed with the anb- 
fertilizin of the sperm This view is supported by experiments m which material 
havmg the properties expected of ‘umvalents’ is obtamed 

2 Production of ‘univalent’ fertiltstn When sea urdun egg water is exposed to 
the action of heat, proteolytic enzymes, ultraviolet or X-radiation to the pomt where 
it no longer agglutmates sperm, it still is found to con tain material capable of com- 
bmmg specifically with the sperm (204, 206, 132) Such solutions inhibit agglu- 
tmation of the sperm by untreated egg water The altered agglutmm is still non- 
dialyzable and is absorbed by speaes sperm It also impairs the fer tiliz ing power of 
sperm as does untreated agglutmm (109, 204) By analogy with inhibitmg antibodies 
the altered fertihzm is termed ‘univalent* Sea urchm fer tilizin does not require veiy 
drastic treatment (compared, for example, with the hydrolysis of proteins and poly- 
sacchandes) to effect conversion mto the ‘umvalent’ form Thus 20 mmutes boilmg 
at pH 8 is effective Evidently it is not necessary to rupture strong bonds for this 
purpose In the spontaneous reversal of agghitmation it is, presumably, these same 
bonds that are broken It is not mconceivable that the gierm accomplish this 
mechanically, but it seems more reasonable to suppose that they do it enzymatically 
The fact that relatively mactive or aged sperm do not exhibit ^ontaneous reversal 
can be mterpreted to support either mterpretation, dependmg on additional evidence 
The possible presence of a depolymerase m sea urcbm qierm will be discussed below 

3 Species lacking sperm-agglutinin Egg waters of the starfish. Patina mmiata, 
and the gephyrean worm, Urechis caupo, which do not ordmanly cause agglutmabon 
of homologous qierm, were found by Tyler {204) to reduce the fertihzmg power of the 
latter That such egg waters actually contam matenal that may be termed fertihzm 
has been shown by the work of Metz (133) He found that the addition of some non- 
specific pdjuvant (from hen’s egg white or the serum of lobster, fish, rabbit or chicken) 
resulted m agglutmation of starfish sperm with homologous egg water In tests with 
egg waters of three speaes of starfish no cross agglutmation was obtamed The 
adjuvant of hen’s egg white was found to be a heat stable, nondialyzable sjibstance, 
msoluble m acetone or alcohol Without egg water it activates but does not agglu- 
tmate the sperm From various tests, mcludmg the obtammg of an agglutmation- 
mhibitmg substance by ultraviolet irradiation of the egg water, Metz concludes that 
it IS the qierm which is effectively ‘imivalent’ and that the adjuvant exposes more 
combmmg groups on it Apart from the question as to whether it is the sperm or egg 
water that is ‘umvalent’, this work supphes strong support for Lilhe's (114) view that 
fertihzm is present m speaes m which sperm-agglutmation by egg water is not or- 
dmanly obtamed In addition it provides an important technical means of mvesU- 
gatmg the specific mteractmg substances of such speaes 
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4 ‘UntvdtnC attitbadxes The work on ‘univalent’ fertilizm has its counterpart m 
the field of nninunology Analogous conversion of agglutinins or preapitms of im- 
mune sera mto ‘univalents’ has been obtamed by various workers (see 212 for refer- 
ences) by means of such agents as heat, diazo compounds, formaldehyde and photo- 
oxidation In these cases the effect is also mterpreted (209-213) as due to a sphttmg 
of the antibody molecules and, m addition, a reassociation of the ‘umvalent’ frag- 
ments with similarly spht nonantibody protem of the serum. The ‘univalent’ anti- 
bodies retam their ongmal speafiaty and, in the case of an antitoxm (229), may still 
function as a protective agent Such treated antisera are found to have, m general, 
reduced antigematy and may thus be of some practical value m connection 
with serum sickness, etc. Analogous to the occurrence of nonagglutmatmg fertilizm 
m some speaes of animals, immune antibodies have also been found to be formed as 
‘umvalents’ m certam cases (20, 163, 77) Of recent mterest are the bbckmg (‘univa- 
lent’) antibodies found m Rh antisera (242, 177, 40, 106) In the presence of serum 
albumm these antibodies are found (243, 30, 27) to be capable of agglutmatmg 
Rh positive cells This agam resembles the situation m the starfish where an adju- 
vant IS needed to enable the egg water to agglutinate homologous sperm (133) 

D SPECtnciTY The sperm-agglutmm of egg water is fairly specific for homolo- 
gous sperm Cross-reactions may occur between related speaes and, vdiile these 
are generally weaker than the homologous reacbons, occasionally they may be even 
stronger (see 36, 230) In addibon there are instances of cross-reacbvity between 
remotely related speaes, such as the agglutmabon of Nereis sperm by Arbaaa egg 
water (109) The Nereis sperm are also agglutinated by Arbaaa body fluid which 
has no agglutmatmg acbon on homologous sperm Lilhe (no) showed that the 
heteroagglutmatmg acbvity of Arbaaa egg water could be removed by absorption 
with Nereis sperm, or even sperm of the teleost fish Ctenolabrus, leavmg the iso- 
agglutmm mtact Just (87) has also presented evidence for a separate heteroagglu- 
tinm to account for the action of Arbaaa egg water on Echmarachmus sperm How- 
ever, Elster (36) finds m cross-tests among echmoids, no mdication of distinct hetero- 
agglutinms 

Heteroagglutinins are of qmte widespread occurrence m the normal serum and body 
body fluids of vertebrates (see 241, loi) and mvertebrates (82, 225, 215) It is not 
surpnsmg then that aoss-reactions are found (e.g , 109, no, 87, 91, 190, 57, 69, 184) 
to occur between spermatozoa and foreign egg waters, body flmds and spermatozoa or 
their extracts A recent mvestigation by lyier (215) of the body flmd and semmal 
flmd of 12 speaes of mvertebrates showed these fluids to have agglutinating action on 
the spermatozoa or blood cells of some or most of 34 speaes of animals In lobster 
serum, which normally acts on the sperm or blood cells of a wide variety of animals 
throughout the animal kmgdom, at least ten distinct, relatively class-specific, agglu- 
timns have been demonstrated, by Tyler and Metz (224, 225) by means of absorp- 
tion tests Cells (blood cells or spermatozoa) of one speaes remove the agglutmms 
for other speaes of the same group, but not those for specfes belongm g to other groups 
The ten different heteroagglutinms of lobster serum are evidently (227) represented 
by a smgle protem component that is electrophoreticaUy homogenous and of large 
molecular size In starfish body fluid at least four distinct heteroagglutinms are 
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After spontaneous reversal in the sea urchin following agglutination by excess egg 
water the spermatozoa cannot be reagglutinated (114), although they remain mtact 
and active It has also been shown (223) that the agglutimn is considerably more 
stable m speaes like Megathura in which the agglutmates persist Several interpre- 
tations of the reversal, consistent with the mutual multi'^ence theory, have been 
suggested by Tyler (204), mcludmg t^e view that the fertihzm molecules are spht by 
action of the sperm leavmg essentially univalent fragments combmed with the anb- 
fertilizin of the spierm This view is supported by experiments m which material 
havmg the properties expected of ‘muvalents’ is obtamed 

2 Produdum of ‘univaloni’ ferMtztn When sea urchm egg water is exposed to 
the action of heat, proteolytic enz3mies, ultraviolet or X-radiation to the pomt where 
it no longer agglutmates sperm, it still is found to contam material capable of com- 
bmmg specifically with the sperm (204, 206, 132) Such solutions mhibit agglu- 
tmation of the sperm by untreated egg water The altered agglutmm is still non- 
dialyzable and is absorbed by speaes sperm It also impairs the fer tilizin g power of 
sperm as does untreated agglutimn (109, 204) By analogy with mhibitmg antibodies 
the altered fer ti lizin is termed ‘univalent’ Sea urchm fer tilizin does not require very 
drastic treatment (compared, for example, with the hydrolysis of proteins and poly- 
saccharides) to effect conversion mto the ‘umvalent’ form Thus 20 minutes boiling 
at pH 8 is effective Evidently it is not necessary to rupture strong bonds for this 
purpose In the spontaneous reversal of agghitmabon it is, presumably, these same 
bonds that are broken It is not mconceivable that the sperm accomplish this 
mechanically, but it seems more reasonable to suppose that th^ do it enzymatically 
The fact that relatively mactive or aged sperm do not exhibit spontaneous reversal 
can be mterpreted to support either mterpretation, dependmg on additional evidence 
The possible presence of a depolymerase m sea urchm sperm will be discussed below 

3 Species lacking sperm-agglutinin. Egg waters of the starfish. Patina mimata, 
and the gephyrean worm, Urechis caupo, whidi do not ordmanly cause agglutmahon 
of homologous sperm, were found by Tyler (204) to reduce the fertilizing power of the 
latter That sudi egg waters actually contam material that may be termed fertihzm 
has been shown by the work of Metz (133) He found that the addition of some non- 
gieofic adjuvant (from hen’s egg white or the serum of lobster, fiish, rabbit or chicken) 
resulted m agglutmation of starfish sperm with homologous egg water In tests with 
egg waters of three speaes of starfish no cross agglutmation was obtamed The 
adjuvant of hen’s egg white was found to be a heat stable, nondiafyzable substance, 
msohible m acetone or alcohol Without egg water it activates but does not agglu- 
tmate the sperm From vanous tests, mcludmg the obtammg of an agglutmabon- 
mhibitmg substance by ultraviolet irradiation of the egg water, Metz concludes that 
it IS the spierm which is effectively ‘umvalent’ and that the adjuvant exposes more 
combinmg groups on it Apart from the question as to whether it is the sperm or egg 
water that is ‘umvalent’, this work supphes strong support for LiUie’s (114) view that 
fertihzm is present m speaes m which sperm-agglutmation by egg water is not or- 
dmanly obtamed In addition it provides an important technical means of mvesb- 
gatmg the specific mteractmg substances of such speaes 
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inous coat of the egg, removal of this material has been foimd (69, 204) to impair the 
capaaty of the eggs for fertilization Although fertilization occurs m eggs that 3neld 
no detectable fertdizm, the jellyless eggs must be insemmated with much higher 
concentrations of sperm than are necessary for fertilization of the control eggs (204) 
It appears, then, that fertihzm serves as an aid to fertilization, its presence as the 
gdatmous coat enablmg fertilization to be effected with smaller amoimts of sperm 
than m its absence. While sea urchin eggs that have been deprived of their jeEy 
layer by aad treatment, by shakmg or by proteoljdic enemies, give off no further 
detectable fertihzm mto the medium, they stdl react with solutions of antifert ihzin 
from the sperm (see p 198) This means that a layer of fer tihzm re m ai ns mtunately 
bound to the surface. The fact that jellyless eggs are still fertilizable does not, then, 
exclude the possibihty that the presence of feitdizm may actually be essential for 
fertilization This would be consistent, too, with Chamber’s (15) and Just’s (89) 
demonstration that egg fragments devoid of ongmal surface material (cortex) are 
unfertDizable. 

Runnstrom el al (189) ha\ e reported experiments on so-called underripe eggs of 
Psammechmus mihans m which fertilizabihty is evidently improved by removal of 
the gelatmous coat In these ‘underripe’ eggs th^ note that the coat is greatly con- 
tracted and more sohd than m the npe eggs, due presumabfy to lack of water m the 
material of the coat. The spermatozoa caimot penetrate such a coaL Upon stand- 
mg m water for some time the coat generally softens and swells and fertilization can 
then be effected Removal of the contracted coat by means of aad also permits fer- 
tilizabon There is, then, no direct contradiction between these experiments and 
those discussed above Presumably m the contracted hydrophobic condition few, if 
any, combmmg groups of the fertihzm of the coat are available for mteraction with 
the antiferblizm (see below) of the sperm 

In many sjieaes of marme animals the unfertilized eggs show no distmct gelatmous 
coat Presumably, the surface of such eggs contams a fertihzm which would function 
as m the jellyless eggs of sea urchms Aside from the case of the polychaet annehd 
Nereis, such eggs have not been particularly mvestigated m thi'? regard Nereis 
presents an mterestmg situation m that a gelatmous coat forms on the surface of the 
egg shortly after attachment of the sperm and contmues to enlarge durmg and for a 
while following the slow penetration of the fertihzmg spennatozoSn There is a 
distmct, rather tough, vitellme membrane at the surface of the unfertilized egg and 
the jelly exudes through this as it is converted mto the fertilization membrane Lilhe 
(109) found that the unfertilized eggs charge the surroundmg sea water with small 
amounts of fertihzm and that as the jelly exudes, foUowmg fertilization, large amounts 
are obtamed It appears likely that, m Nereis, the jelly is also composed of fertihzm 
which, either because of the small quantities exuded before fertilization or special 
properties, c ann ot form a gelatmous coat on the unfertilized egg Novikoff (160) and 
Costello (22, 23) hai’e discovered that treatment of unfertilized Nereis eggs with al- 
kalme NaCl causes the jelly-precursor to swell without exudmg through the vitellme 
membrane, thereupon rupturmg the latter and gomg mto solution itself Costello 
(22) finds that such jellyless, vitellme membraneless eggs are mcapable of fertiliza- 
tion, but if the jelly and membrane is similarly removed shortly after msemmation. 
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found (215) In work on vanous immune or nonna] sera it has been established (see 
I, for references) that antibodies with different specificities may be represented by a 
single, electropboreticaUy homogenous, protean component The serological dif 
ferences evidently do not mvolve changes m such physicochemical properties The 
differences have come to be regarded (see Paulmg, 167, 169) as differences in spatial 
configuration rather than of composition, the specificity of mteraction being 
dejjendent upon the degree of structural complementanness of antibody and antigen 
In the case of heteroagglutmms of such wide reactivity as described here, it has been 
suggested (225, 215) that the reactants are not complementaiy m detail but in the 
overall structure of large regions Substances of large molecular size would pre- 
sumably have greater possibihties as to the variety of configuration th^ may assume, 
and It has been suggested (225) that the agglutmatmg action of viruses (80) on the 
red blood cells of a variety of speaes of animals (18) may be based on this rather than 
on the presence of any speaal constituents 

The heteroagglutmation reactions obtamed with the body flmds and cells of the 
mvertebrates discussed above do not, m general, occur withm a taxonomic class of 
animals (215) On the other hand the cross-reactions of egg waters occur with 
spiermatozoa of closely related speaes Where spermatozoa of a remotely related 
speaes are agglutmated (e g , Nereis qierm m Arbaaa egg water), the reaction is 
attributed (no) to a separate substance m the egg water Whether this will be found 
to hold m general needs to be determined It is quite possible that the same mole- 
cule may possess both isoagglutmatmg and heteroagglutuiatmg activity If the 
situation IS anabgous to that found for the body fluids of the lobster and the starfish, 
then one may expect to find a number of heteroagglutmms present m egg water 
If this activity is earned by the same substance that represents the isoagglutmm then 
only a fraction (e g , one-tenth if there are ten equally distributed heteroagglutmms) 
would possess any particular heteroagglutmatmg activity Absorption of the egg 
water by sperm of any one remotely related reactive speaes would then rerpove only 
that fraction and reduce the isoagglutmatmg potency of the egg water relatively 
httie 

In definmg the specifiaty of fertihzms the above considerations should, then, be 
taken mto account On the basis of present evidence it appears that the iso- 
agglutmms are dommantly speaes-speafic 

E Role in eertilization i Removal of ferltltsin Vanous features of fertilizm 
(defined m particular as the isoagglutmm) led Lilhe (114), Just (91) and others to 
consider it of essential importance m fertilization The cntical experiments concern 
the fertihzabdity of eggs that are depnved of this matenal LiUie (no) reported 
that prolonged washmg (i to 3 days) to remove fertihzm rendered Arbaaa eggs non- 
fertilizable Loeb (122, 123) objected that this was due to death of the eggs durmg 
the washmg penod and, m Strongylocentrotus, obtamed fertilization of fresh eggs de- 
prived of detectable fertihzm by means of aad treatment Usmg this method with 
Arbaaa, Lilhe (in) obtamed reduction m feriahzabihty and noted the presence of 
fertihzm m suspensions of aad-treated eggs In Strongylocentrotus, however, he 
(ns) obtamed no detectable fertihzm after such treatment and found the eggs to be 
fertilizable In more recent work, foUowmg identification of fertihzm with thegelat- 
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iDoiis coat of the egg, removal of this material has been found (69, 204) to impair the 
capaaty of the eggs for fertilization Although fertilization occurs m eggs that 3neld 
no detectable fertihzm, the jellyless eggs must be insemmated with much higher 
concentrations of qierm than are necessary for fertilization of the control eggs (204) 
It appears, then, that fertihzm serves as an aid to fertilization, its presence as the 
gelatmous coat enabhng fertilization to be effected with smaller amounts of sperm 
than m its absence While sea urchm eggs that have been deprived of their jelly 
layer by aad treatment, by shakmg or by proteoljdic enzymes, give off no further 
detectable fertihzm mto the medium, they still react with solutions of antifertilizm 
from the sperm (see p 198) This means that a layer of fertihzm remams mtimately 
bound to &e surface The fact that jellyless eggs are still fertihzable does not, then, 
exclude the possibihty that the presence of fertihzm may actually be essential for 
fertilization This would be consistent, too, with Chamber’s (15) and Just’s (89) 
demonstration that egg fragments devoid of ongmal surface material (cortex) are 
unfertihzable 

Runnstrom et al (189) have reported experiments on so-called underripe eggs of 
Psammechmus mihans m which fertihzabihty is evidently improved by removal of 
the gelatmous coat. In these ‘imdernpe’ eggs they note that the coat is greatly con- 
tracted and more solid than m the npe eggs, due presumably to lack of water m the 
material of the coat The spermatozoa cannot penetrate such a coat Upon stand- 
mg m water for some time the coat generally softens and swells and fertilization can 
then be effected Removal of the contracted coat by means of aad also permits fer- 
tilization There is, then, no direct contradiction between these experiments and 
those discussed above Presumably m the contracted hydrophobic condition few, if 
any, combmmg groups of the fertilizm of the coat are available for mteraction with 
the antifertilizm (see below) of the sperm 

In many speaes of marme animak the unfertilized eggs show no distmct gelatmous 
coat Presumably, the surface of such eggs contams a fertihzm which would function 
as m the jellyless eggs of sea urchms Aside from the case of the polychaet annehd 
Nereis, such eggs have not been particularly mvestigated m this regard Nereis 
presents an mterestmg situation m that a gelatmous coat forms on the surface of the 
egg shortly after attachment of the sperm and contmues to enlarge durmg and for a 
while foUowmg the slow penetration of the fertihzmg spermatozoSn There is a 
distmct, rather tough, vitellme membrane at the surface of the unfertilized egg and 
the jelly exudes through this as it is converted mto the fertilization membrane Ldhe 
(109) found that the unfertilized eggs charge the surroundmg sea water with small 
amounts of fertihzm and that as the jelly exudes, folio wmg fertilization, large amounts 
are obtamcd It appears likefy that, m Nereis, the jelly is also composed of fertihzm 
which, either because of the small quantities exuded before fertilization or special 
properties, cannot form a gelatmous coat on the unfertilized egg Novikoff (160) and 
Costello (22, 23) have discovered that treatment of unfertilized Nereis eggs with al- 
Lalme NaCl causes the jeUy-precursor to swell without exudmg through the vitellme 
membrane, thereupon rupturmg the latter and gomg mto solution itself Costello 
(22) finds that such jellyless, vitelhne membraneless eggs are mcapable of fertiliza- 
tion, but if the jelly and membrane is similarly removed shortly after insemmation. 
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normal development may ensue These results may agam be xntetpreted as mdicat- 
mg a necessity of fertihzm for fertilization, it being assumed that the fertihzin is 
present as the jelly precursor and as part of the vitelline membrane of the unfertilized 
egg The vitellme membrane of the Nereis egg would, then, correspond to the vitel- 
hne membrane of the sea urchm egg, its location with respect to jelly material bemg 
reversed 

2 AddUton of ferltltztn Reports tliat the addition of fertdizm improves the fer- 
tilizabihty of washed or unnpe eggs (247, 53) were disputed by Lilhe and Just (118) 
In more recent experiments by Tyler (204) the addition of solutions of fertihzm to 
jellyless- and normal eggs of Strongylocentrotus was found to mterfere with fertiliza- 
tion Smce agglutmabon is temporary m thin speaes, the sperm bemg mtact and 
active after reversal, the inhibition is not attributable simply to unavaikbihty of free 
spermatozoa Further tests confirm Lilhe’s (109) observation that the fertilizmg 
power of sperm that have agglutmated and reversed is considerably reduced, the 
amounts of treated sperm required for fertilization bemg 40 to 200 tunes the mmunum 
amounts of control sperm These results do not actually conflict with those described 
m the precedmg section which mdicate a helpful action of fertihzm It should be 
recalled here that fully agglutmated and reversed sperm cannot be reagglutmated 
Havmg reacted with all the fertilizin that th^ are capable of bmdmg, th^ would not 
be expected to react further with fertihzm present on the eggs The mhibitmg action 
of fertilizm m solution tends then to support the view that this material is important 
for fertilization However, to parbapate m the fertilizm process it must be present 
on the surface of the egg In solution it acts as a barrier to fertilization, the reaction 
with the sperm bemg completed at a distance from the egg These considerations 
help explain why sea urchm eggs that have, stood for a short time m unchanged sea 
water require more sperm for fertilization than if they are washed immediately prior 
to msemmation Fer tilizm goes mto solution as the eggs stand m sea water and ef- 
fectively mcapaatates some or all of the qierm dependmg upon the relative amounts 
present As Rothschild (i 78) has aptly stated it, m a recent article on fertilization, a 
false fertilization takes place and the sperm are ‘muzzled’ by reaction with fertdizm 
m solution 

3 Cross-ferltltsaiton Several mvesbgators (109, no, 115, 122, 123, 87, 36) have 
exammed the question of the relation of cross-fertilization to cross-agglutmation 
While there are differences m detail and mterpretabon of then results, all agree that 
there is no corresjxmdence between the degree of cross-agglutmation and of cross- 
fertihzation obtamed with vanous speaes of sea urchms Both cross-agglutmation 
and cross-fertihzation occur to a greater or less extent lunong most of the speaes of 
echmoids exammed As an mdex of aoss-agglutmation the relative titers of the egg 
waters on the -vanous sperm is employed For aoss-fertihzation it is the concentra- 
tion of sperm requued for the foreign eggs, m comparison with the mmunum needed 
for the homologous eggs, that serves as a measure, it bemg known (115, 36) that the 
per cent of cross-fertdization maeases with amount of sperm employed and that, m 
general, much more is needed for aoss-fertihzation than for fertilization withm the 
speaes Absence of correlation has been mterpreted (123, 36) as implymg lack of 
significance of fertihzm m fertilization However, the reaction of the sperm with 
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fertilmn is undoubtedly only one of a senes of reactions that may be involved m the 
fertilization process and its speofiaty ivould not necessanly be expected to detennine 
the overall speafiaty of the process 

4 Parihenogenms Recent work on the subject of artificial activation of the egg 
has been reviewed by Tyler (205, 219) and R S Lilhe (irp) For the present purpose 
the possible role of fertilmn m the process must be considered Moore (142, 143), 
Just (88) and Lilhe (xi6) showed, m contradiction to Loeb’s (123) results, that sea 
ur chin eggs that have been optimally activated by means of butync aad are m- 
capable of fertilization, even after removal of their membranes Smce, after butync 
acid treatment, fertilmn can no longer be obtamed from the eggs Lilhe and Just con- 
sidered lack of its farther production to be responsible for the failure of superposition 
of fertilization on parthenogenesis However, smce fertilizm has now been identified 
as a component of the gelatmous coat of the egg and smce this cost is dissolved by 
butync aad treatment (rro, p 559), their mterpretation no bnger appears warranted 
A similar mterpretation of the block to polyspermy, or failure of fertilized eggs to re- 
fertilize, was based cm the view that fertilizm was contmuously produced by the un- 
fertilized egg, but production ceased after fertilization However, Lilhe (no, p 553) 
noted that demonstration of cessation of production depended upon removal of the 
gelatmous coat of the egg which he found to con tarn fertilmn m high concentration 
Ihis feature of the experiment is evidently responsible for what now appears to be a 
mismteipretation of the facts In this connection it may be mentioned that re- 
fertihzation of fertilized eggs has been obtamed under special conditions (228) 
There does not, then, appear to be much justification, as yet, for assignmg to fertilizm 
a rble in artificial activation or m tiie establishment of the block to polyspermy 
Further mvestigation along this hne would be desirable 

AKTIFEILTIIIZIN FKOM SPEEJT 

The substance of the sperm with which fertilmn combmes has been termed anti- 
fertilmn (110) It was first detracted from sperm by Frank (44) and lyier (200) by 
different methods and is reported to have vanous effects on eggs and on giennatozoa 
A Eftecus I Neulralisaitcn of ferliltztn Extracts of sperm of sea urchins and 
moUusks prepared by bnef heating m sea water (44) or by freezmg and thawmg (200) 
are found to be capable of neutralizing the agglutinating action of fertilmn on homol- 
ogous sperm In the supernatant obtamed by centrifugation of 'dry’ or concentra- 
ted sperm suspensions this agglutinm-neutralizing property has been rqiorted to be 
present by SouthwicL (194) and Hartmarm ei ai (6g), absent by Frank (44) and Hay- 
ashi {71) and weak by Tyler and O’Melveny (226) Hartmarm ei al (69) also re- 
ported that both the supernatant and the extracts neutralize the qieim-activabng 
component of egg water m Arbaaa pustulosa, while Frank (44) found no such action 
of sperm extracts m Arbaaa punctulata. RunnstrSm et al (i8g, 184, 185) and Vas- 
seur and HagstrSm (230) likewise obtamed negative results with the supernatant of 
sperm of Psammechmus mihans and Echinocardium cordatum 
The antifertilmn is evidently rather firmly boimd to the sperm, however, it does, 
m our expenence, slowly dissolve as the sperm age m sea water, and slight aadzfica- 
tion (pH 4-6) of fresh suspensions juelds substantial amounts without kilhng the 
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normal development may ensue These results may agam be mterpreted as indicat- 
mg a necessity of fertihzm for fertilization, it bemg assumed that the fertilizm is 
present as the jelly precursor and as part of the vitelhne membrane of the unfertilized 
egg The vitelhne membrane of the Nereis egg would, then, correspond to the vitel- 
hne membrane of the sea urchm egg, its location with respect to jeUy material bemg 
reversed 

2 of ferltitsttt Retorts tka.t the acfcfitron of fertiizin improves the fer- 
tihzabihty of washed or unnpe eggs (347, 53) were disputed by Lilhe and Just (118) 
In more recent experiments by Tyler (304) the addition of solutions of fertilizm to 
jellyless'and normal eggs of Strongylocentrotus was found to mterfere with fertiliza- 
tion Smce agglutmation is temporary m this speaes, the sperm bemg mtact and 
active after reversal, the inhibition is not attributable simply to unavaikbihty of free 
spermatozoa Further tests confirm Lilhe’s (109) observation that the feitdizmg 
power of sperm that have agglutmated and reversed is considerably reduced, the 
amounts of treated sperm required for fertilization bemg 40 to 200 times the mmimum 
amounts of control spterm These results do not actually conflict with those described 
m the precedmg section which mdicate a helpful action of fertihzm It should be 
recalled here that fully agglutmated and reversed sperm cannot be reagglutmated 
Havmg reacted with all the fertihzm that they are capable of bmdmg, thty would not 
be expected to react further with fertihzm present on the eggs The mhibitmg action 
of fertihzm m solution tends then to support the view that this material is important 
for fertilization However, to partiapate m the fertilizm process it must be present 
on the surface of the egg In solution it acts as a barrier to fertilization, the reaction 
with the sperm bemg cotnpleted at a distance from the egg These considerations 
help explam why sea urchin eggs that hav& stood for a short time m unchanged sea 
water require more sperm for fertilization than if they are washed immediately pnor 
to msemmation Fertiham goes mto solution as the eggs stand m sea water and ef- 
fectively mcapaatates soine or all of the sperm dependmg upon the relative amounts 
present As Rothsduld (178) has aptly stated it, m a recent article on fertilization, a 
false fertilization takes place and the sperm are ‘muzzled’ by reaction with fertihzm 
m solution 

3 Cross-ferlthsaiutn Several mvestigators (109, no, 115, 123, 133, 87, 36) have 
examined the question of the relation of cross-fertilization to cross-agglutmahon 
While there are differences m detail and mterpretation of their results, all agree that 
there is no correspondence between the degree of cross-agglutmation and of cross- 
fertihzation obtamed with various speaes of sea urchins Both cross-agglutmahon 
and cross-fertihzation occur to a greater or less extent among most of the speaes of 
echmoids examined As an mdex of cross-agglutmation the relative titers of the egg 
waters on the various sperm is employed For cross-fertilization it is the concentra- 
tion of sperm required for the foreign eggs, m comparison with the m i nim u m needed 
for the homologous eggs, that serves as a measure, it bemg known (115, 36) that the 
per cent of cross-fertilization maeases with amount of sperm employed and that, m 
general, much more is needed for cross-fertihzation than for fertilization withm the 
speaes Absence of correlation has been mterpreted (133, 36) as implymg lack of 
significance of fertihzm m fertilization However, the reaction of the sperm with 
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and by Vasseur and Hagstrom (230) on Psammedunus mibans On the other hand, 
in Echmocardium Icxirdatum, RunnstrSm, Tisehus and Lmdvall (188) find no immo- 
bihzmg action of seminal flmd and, m Arbacia punctulata, Hayashi (71, 72) finds 
that It actually mamtams the motihty and respiratory activity of the sperm Hart- 
mann el al (69) found their sperm-immobiliimg agent to be soluble m methanoL In 
partial accord with this, RunnstrSm and Lmdvall (183) obtam inhibition of motihty 
with a methanol extract of E cordatum, but not of P mihans, sperm This methanol 
extract is also found to have a certam lytic action on the egg surface which will be 
discussed below Hayashi’s (71, 72) semmal fluid factor is found to be nondialyzable 
' and preapitable by ammonium sulphate 

In the work of Runnstrom el al (183, 188), Vasseur and Hagstrom (230) and 
Hayashi (71, 72) possible effects of COi tension and pH were taken mto account It 
would appear then, that diflterent speaes differ considerably m regard to the action 
of semmal fluid and sperm extracts on sperm No general conclusions can, therefore, 
be made as yet concerning the relation of such action to antifertihzm activity 
B Chemicai, peoperxies Vanous workers have exammed the chemical proper- 
ties of antifertihzm (as defined by agglutinatmg action on eggs, formation of preapi- 
tation membrane or neutralization of the sperm-agglutmm) Frank (44) found the 
active agent m Arbacia punctulata to be nondialyzable, relatively heat stable, insolu- 
ble m alcohol and ether and nonpreapitable by ammomum sulphate His prepara- 
tions gave negative results m the common tests for proteins and also failed to reduce 
Benedict’s solution or Nylander’s reagent With solutions of Strongylocentrotus and 
Megathura antifertihzin, that were evidently stronger, lyier (200, 203) obtamed 
positive protem reactions, preapitation with ammonium sulphate and mactivahon 
by proteolytic enzymes In Arbaaa pustulosa (69) and m E cordatum (189) the 
active agent is also found to be msoluble m methanol, nondialyzable and relatively 
heat stable Upon ultracentnfugation of a dialyzed sperm extract Runnstrdm, 
Tisehus and Vasseur (189) find a mam component with a molecular weight under 10,- 
000 and no appreciable amounts of any larger molecules Upon electrophoresis they 
find only one component and this behaves as an aad down to pH 4 Tyler 
and O’Melveny (226, 216) showed that antifertihzin of Strongylocentrotus and Ly- 
tedunus is extractable m aadified sea water (ca pH 3 5) Dialysis, ammomum sul- 
phate preapitapon and isoelectnc preapitation (pH 30m the absence of salts) yields 
an electrophoreticaUy homogenous preparation (216) whose smgle component shows 
mobilities that correspond closely with those reported by Runnstrom el al Purified 
antifertihzm preparations of Lytechmus are found to con tarn about 16 per cent nitro- 
gen Solutions contaimng o 2 to o 3 mgm N/ml give titers (maximum dilution giv- 
mg visible preapitation membrane when tested with an equal volume of a suspension 
ofca 10,000 eggs per ml) of 1 28 to 256 

The antifertihzm preparations are found (226, 216, 183) to be antigenic m rabbits, 
the antibodies agglutmatmg the mtact sperm as well as preapitatmg with ongmal 
solutions This is consistent with both its protem nature and location on the surface 
of the spermatozoa Electron microscope exammation of spermatozoa from which 
antifertihzm has been extracted (pH 3 5 to 2 8) show (216) no effect on the acrosome, 
midpiece or tad, while the mtervenmg region of the head (which is no rmally elongate) 
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sperm Extracts prepared by disruption of the cells neutralize more fertihzm than 
IS absorbed by an equivalent amount of hve spierm Evidently, not aU of the anh- 
fertihzm earned by the sperm is available for immediate action 

2 AgghUination of eggs Another effect of sea urchm, sperm-extracts consists m 
agglutmation of homobgous eggs (246, 44, 203, 226, 189) Microscopic examinabon 
shows that a precipitate forms on the surface of the gelatmous coat, outlining the 
latter sharply The reaction resembles the so-called Neufeld reacbon obtained with 
encapsulated nucro-organisms, such as pneumococci, m the presence of specific anb- 
sera Agglutmabon of the eggs and formabon of the preapitation membrane are 
quite evidently two aspects of the same reacbon It is also clear that the agglutinat- 
mg substance m the sperm-extract reacts with the gelatmous coat of the egg, and 
vanous tests (44, 203, 226) identi^’’ the egg-agglutmm with the agent (anbferblizm) 
that neutralizes the sperm-agglutmm (fertihzm) The term anbfertihzm may then 
be used for the substance havmg these two effects Another manifestabon of the 
same reacbon is the formabon of a precipitate when solubons of fertihzm and anb- 
fertilizm are mixed under appropriate condibons (44, 203) Eggs that have been 
depnved of their gelatmous coat by shakmg or by aad treatment are also agglubnated 
by solubons of anbfertihzm and the latter is absorbable by such eggs There is, 
then , present on the surface of such eggs a layer of ferbhzm that is more mbmately 
bound than is the rest of the gelatmous coat 

3 Dtssoluiwn of the geialttwiis coat Accordmg to Hartmann et al (69), sperm-ex- 
tracts of Arbacia pustulosa also have the property of dissolvmg the gelatinous coat of 
the egg Tyler and O’Melveny (226) have noted a s imila r disappearance of the gelat- 
mous coat of eggs of Strongylocentrotus purpuratus and Lytechmus anamesus but 
do not mterpret this as dissolubon If the acbon of a strong sperm-extract is fol 
lowed under the microscope a preapitabon membrane is first observed to form on the 
surface of the gelatmous coat The latter then contracts and the precipitabon mem- 
brane becomes mcreasmgly more distmct unbl it reaches the surface of the egg itself 
It IS not then readily distmguished from the surface of the egg However, m the 
process some of the eggs may be freed of their gelatmous coat, parbcularly if they are 
shaken Long after the preapitabon membrane has shrunk to the surface and ap- 
parently disappeared on the mtact egg it can be seen on the isolated jelly hulls as a 
distmct heavy membrane formmg a hollow sphere that contracts to less than one- 
half of the diameter of the egg proper It appears, then, that the material of the 
gelatmous coat becomes mcorporated m the preapitabon membrane, where it occupies 
considerably less volume than m the ongmal gel form There is, as yet, no evident 
necessity for the assumpbon of a jelly-dissolvmg agent m the sperm-extracts unless 
the recent findmgs of Monroy and Ruffo (140, 180), discussed m connection with 
hyaluronidase, refer to somethmg other than the above sequence of events, and re- 
ceive confirmabon 

4 Paralyses of the spermatozoa In several spieaes of sea urchins the supernatant 
fluid (semmal fluid) ob tamed by centnfugabon of ‘dry’ or concentrated sperm-suspen- 
sion has been found to have an immobihzmg acbon on the homologous sperm Posi- 
bve results m such experiments have been presented by Southwick (194) on Echmo- 
metra subangulans, by Hartmann, Schartau and Wallenfels (69) on Arbacia pustulosa 
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capaaty was found to be less than one percent While other effects of the treatment 
are not ruled out, the experiments mdicate that defiaency m antifertilizm impairs 
fertilizing capaaty 

Another method of elimmatmg antifertilizm without physical damage to the spenn 
consists m neutralizing it by means of a specifically reacting agent This has been 
done by reaction with feitdizin, as described above (p 000), with the result that the 
sperm beciime relatively nonfertilizing It has also been attempted by means of 
antibodies produced m rabbits by mjection of punfied antifer t i lizm (Tyler and 
O’Melveny, 226, Tyler, 216) Smce the spermatozoa are agglutmated by the anti- 
serum any mteiference with fertilization could be attributed to the locLmg up of the 
cperm and the experiment would supply no information concemmg the possible effect 
of neutrahzmg the antifer tilizm To overcome this difficulty, use was made of ‘uni- 
valent’ antibodies prepared by photo-oxidation of the ordmary antiserum After 
treatment with such ‘imivalent’ an tibodies the spermatozoa were found to be of normal 
appearance and motile When tested on homologous eggs m experiments with 
Lytedunus and with the gqihyiean worm Urechis, the treated sperm showed a con- 
siderable reduction m fer tilizin g power, roughly m proportion to the titer of anti- 
bodies empbyed for treatment The heterologous antibodies were found to be m- 
effective This expenment further supports the view that antife rtilizm is mvolved m 
the fertilization process It does not, however, necessarily mean that the anribocbes 
boches combme with the same specific groups on the antifertilizm molecule that are 
mvolved m the mteraction of the latter with fertihzm The antibodies might very 
well be directed against other specific groups, and, m combmmg, physically block 
those concerned m the reaction with fertihzm 
2 Somt tmmwwhgtcal attalcgia In the field of immunology analogous expen- 
ments are employed m attempting to identify the factor mvolved m virulence of 
pathogenic organisms Thus, for example, it has been shown that antibodies directed 
agamst the polysaccharide coat of pneumococcus will reduce the infective power of 
the organism A further analogy is provided by experiments on bactenophage 
treated with a specifically reactmg substance of the suscqitible bactenum or with 
antisera Thus Levme and Fnsch (105) and Gough and Burnet ($8) showed that 
phage can be specifically macUvated by a substance denved from the coat of the sus- 
ceptible organism The infective power of phage on the bactena can also be impaired 
by means of antipbage immune sera, the inactivation foUowmg a percentage law 
(3O) 8 ) Accordmg to Burnet (7, 8) the antibodies combme with specific groups 
other than those by which the phage particles react with the surface of the bactenum 
but may spatially block some of the latter and thus mterfere with adsorption of phage 
to the bacterial surface The action of specific bacterial substance and of specific 
antibody on pbage resembles then the action of fertihzm and of specific antibody on 
sperm There is also evidence (see Delbrtlck, 28) that only a smgle phage particle 
(perhaps the first to attach to the surface) actualfy enters the bacterial cell and mul- 
tiphes This would imply a further analogy with the phenomenon of monospermy or 
estabhriiment of the block to polyspermy in fertilization Of course, the outcome of 
phage action m producing lysis of the bacterial cell is quite different from the developi- 
ment that normally ensues followmg fertilization, but it may be mentioned m passmg 
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becomes sphencal, mcreasmgly swollen and less dense The antifertihzm is evi- 
dently present on this region of the surface of the head 
C Spectficity Smce antifertihzm reacts with fertihzin its speafiaty may be ex- 
pected to parallel that of fertihzm However, different tests, corresponding to dif- 
ferent manifestations of the mteraction, may give different results Thus, if one of 
these agents is effectively 'univalent' with respect to the other m homologous orcross- 
reactions, the results obtamed by direct agglutmation tests would differ from those 
obtamed by neutralization tests Comparisons on this basis have not as yet been 
made, but several workers have obtamed data on cross-reactions of antifertiliziil 
Frank (44) showed that the egg-agglutmm was not obtamable from tissues or fluids 
of Axbaaa other than the sperm (see below for an antifertilizin from eggs) and that it 
acted only on the eggs Reaprocal cross-reactions were obtamed with another 
echmoid, Echmarachmus Cross-reactions among the echmoids, tested by egg- 
agglutmation, or m some cases by inhibition of sperm-agglutmation, have also been 
reported by Tyler (203), Hartmann et al (69) and Runnstrdm et al (i 8 g) In addi- 
tion, however, reactions with matenal of remotely related speaes have been reported 
Thus Frank (44) obtamed agglutmation of Arbacia eggs with sperm extract of the 
polychaet annehd Nereis, but not the reaprocal Runnstrbm el al (189, 184) ob- 
tamed agglutmation of sea urchm eggs vnth extracts or salmon and bull sperm and 
with serum of a shark and a bony fish These evidently represent heteroag- 
glutmation reactions of the type discussed above (see p 189) It may be recalled 
that egg water and blood of Arbacia agglutmates Nereis sperm, and that the seminal 
flimd of various speaes of animals has agglutmatmg action on sperm and blood cells 
(and probably eggs) of different assemblages of whole groups of animals (224, 225, 
227, 215) To what extent such heteroagglutmatmg action may be the property of 
substances distmct from the isoagglutmm or the property of the same molecules m- 
volved m isoagglutmation needs to be determmed It is clear, however, that the 
heteroagglutmatmg action of the materials obtamed from sperm is a property that 
such matenal has m common with substances of the body flmd (and probably other 
tissues) of the body Thus m definmg the speafiaty of antifertilizm (or of fertihzm) 
cross-reactions that are also given by body fluids or extracts of other tissues may be 
ruled out On this basis it appears that the fertihzm-antifertihzm reaction is dom- 
mantly speaes-specific 

D Role in FEEnLiZATioN i Removal or blocking of anltferhltzin To test the 
significance of antifertihzm m fertilization it would be desirable to depnve the sperma- 
tozoSn of this agent Complete removal without destruction of the sperm has not 
proved feasible However, when antifertihzm of Strongybcentrotus and Lytechmus 
IS partially extracted by means of shghtly acidified sea water or warm sea water, the 
spermatozoa are found to remam viable and motile (Tyler and O’Melveny, 226) 
Tested on eggs, such extracted spermatozoa showed a very much reduced capaaty 
(m terms of amount required) for fertilization, roughly m proportion to the amount of 
antifertilizm ramoved At the same time their rate of oxygen consumption was found 
to be considerably less affected Thus, m different tests, sperm havmg 80 percent 
of the control respiratory activity showed between 3 and 25 per cent of the control 
fertihzmg capaaty and when respiratory rate was reduced to 25 per cent, fertilizmg 
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diande mtli its specific antibody produced in horses (251) or in humans (197), and 
most cases of the reactions of the normal blood-group isoantibodies (see 241) In manj' 
cases, too, antigen or antibody alone may combme with alexm (termed anticomple- 
mentary action) to such an extent that no decision can be made as to whether or not 
nipnn is fixed by their mteraction It is of mterest, then, to leam how the fertilmn- 
antifertilizm reaction behaves m this regard This was exammed by Tyler (208) 
with fertdizm and antifertilizm of Strongylocentrotus and alexin of gumea-pig serum 
It was found that the fertilizm alone bound alexuu Upon reaction with antdertilizin 
a rather novel situation was discovered. The antifertilizm destroyed the abihty of 
fer tilinn to combme with alexin, or, if the alexm was first bound by fertilizm, addition 
of antifertilizm released it This aleim-release reaction could m fact senm as a 
measure of the fertilizm-antifertilmn reaction, ]ust as, com’ersely, alexm-fixation is 
used to follow antigen-antibody reactions TJnivalent’ fertilizm by itself was also 
found to bmd alexm which could be released by antifertilizm. Alexm is known to 
be composed of two heat-labde and two relatively heat-stable components (see 34, 76) 
It IS with the relatively heat-stable fourth component (C'4), which is found m a 
muco-englobulm fraction of serum, that the fertilizm was found to combme. Smce 
antifertilizm and C'4 compete m the mteraction with fertilizm, it might be expected 
that antifertilizm could substitute for C'4 m the hemol}Tic action of alexm. Tests of 
this possibihty gave native results This means that the antifertilizm is quite 
different from C'4 m those properties that enable the latter to act with the other three 
components and the sensitized cells m the hemolytic system. The bmdmg of alexm 
by fertilizm is also manifested by agglutination of the sea urchm eggs and formation 
of the precipitation membrane m gumea pig serum This may, then, be simply 
another aspect of the heteroagglutmation fype of reaction above (p 190) and it seems 
reasonable to conclude that the specific groups by which fertilizm combmes with 
antifertilizm are different from those mvolved m umon with C'4, the release phenome- 
non bemg the result of spatial mterference due to proximity of the different groups 


6 A hypolhritcal scheme for allachmetU of the sperm On the basis of the present 
evidence fertilizm and antifertilizm appear to be concerned pnmanly with attachment 
of the spermatozoon to the egg The sperm-acbvatmg agent associated with fer- 
tihzm may be helpful m speedmg up encounter of the gametes and m stunulatmg 
fatigued sperm to an extra burst of energy for entrance mto the gelatmous coat, but 
there is httle to substantiate this Smce the gelatmous coat is composed p nma nly 
of fertihzin, the question may be raised as to whether the spermatozodn reaches the 
^g surface proper (viteUme membrane) before it has reacted completely Eiqien- 
mental endence concemmg this is lacking, but to provide a basis for discussion the 
foUowmg picture of the mechanism of attachment of the sperm may be suggested 
The fertihzm compnsmg the gel rmcelles of the coat of the egg would have relatively 
few combmmg groups available for reaction with the sperm Additional combmmg 
groups would be available on the egg surface proper A small amount of fertilizm 


present m solution m the mterstices of the gel would react with the sperm or with any 
antifertilizm that may dissolve off it The effective mitial reaction would, howev er, 
be between the active groups available on the micelles of the gel and on the surface 
of the sperm These groups are probably absent from the acrosome and midpiece of 
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that Lmdahl (120) has reported cytolysis of speaally treated ^gs as a result of fer- 
tilization Some bacteriophage particles seem to be provided with a tail (see 126), 
but this slight structural resemblance may be taken less senously than the above 
analogies 

3 Sperm-tmmnnUy and stenhty in mammals Numerous mvestigators have ex- 
ammed the possibihty of mducmg stenhty m vanous anunals, mcluduig humans, by 
means of antibodies agamst homologous or heterologous sp»erm or their extracts A 
bnef review of the subject has been previously presented (206) Although there 
have been many conflictmg reports, the evidence as a whole is to the eSect that stenl 
ity is not mduced by such immunization of females even when antibodies are found 
to be present m the serum of the animals at the time of matmg In one type of ex- 
periment a temporary stenhty is evidently obtamed This consists m the mtroduc- 
tion of the antispermatozoal serum mto the vagmas of rabbits followed by matmgs 
withm one to 30 hours (Parsons and Hyde, 165) The experiment is essentially a 
direct treatment of the sperm with antibodies such as reported above with mverte- 
brates and it is not surpnsmg that the results are similar The negative results in 
other tj^es of experiments mvolvmg active or passive immunization of the female 
may be attributed to unavailabihty of the antibodies, msufficient concentration 
relative to the sperm or other factors 

4 AddUton of anlxferltltsm Treatment of sea urchm eggs with antifertilizm or 
msemmation m the presence of antifertilizm has been found (44, 69, 203, 226) to 
mhibit fertilization It has also been reported by Frank (44) that treatment of the 
sperm with antifertilizm impairs their fertihzmg capacity, but this has been denied 
by Hartmann el al (69) md by Tyler and O’Melveny (226) Reaction of antifer- 
tihzm with the egg results m the formation of a preapitation membrane as described 
above (p 194) In dilute solutions this membrane may be mcomplete and it has been 
noted, m another cormection (203), that such eggs may be fertilized More complete 
mteraction with antifertilizm renders the eggs nonfertihzable Eggs depnved of 
their gelatmous coat are also found to lose their fertihzabihty upon treatment with 
antifertilizm (44) This may b6 mterpreted as support for the view mentioned aboi e 
(p 191) that a layer of fertihzm remams on the surface of the egg after removal of the 
coat by the usual methods In any event it appears that antifertihzm in solution 
acts as a block to fertilization, its mteraction with fertihzm of the egg evidently pro- 
ven tmg mteraction of the latter with the antifertilizm present on the sperm As m 
the case of the fertihzm discussed above (p 19 1), the substance must remam on the 
surface of the cell m order to function m the fertilization process 

5 Alexin {complement) and the ferhlKin-anltferiihzin reaction The mteraction of 
fertihzm and antifertilizm has been considered to be analogous to that of antigen and 
antibody An mterestmg feature of antigen-antibody reactions is their abihty to 
bmd a lexin (usually called complement — a heat labile, relatively nonspecific material 
present m the semm of vertebrate anunals, the action of which is ordmanly mani- 
fested by the lysis of erythrocytes, or other cells, when reactmg with specific antibody 
m Its presence) Abihty to bmd alexm is not, by any means, characteristic of all 
antigen-antibody reactions There are a great many exceptions, such as m toxm- 
antitoxm reactions (see Osborn, 161), reaction of pneumococcal capsular polvsac- 
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tion<; of starfish egg^ jelly has been convincmgly demonstrated (133), antifertilmn 
must evidently be present on the sperm Runnstrdm’s failure to obtam preapitation 
membranes with sperm extracts may, then, be attributed to other factors, such as 
occurrence of antifertihzm m ‘univalent’ (nonpreapitatmg) form m the extracts or 
condition of the egg coat (e g , few combinmg groups available on the surface) at the 
timp of testmg "Ihe above account also imphes that the spermatozoSn must ap- 
proach radially This is consistent with most observations (see Morgan, 144) show- 
ing failure of obhquely approachmg sperm to attach In connection with the postu- 
lated radial structure of the gelatmous coat of the sea urchm egg, Runnstram et al 
(187) and MonnS (139) observed no birefnngence under normal conditions A strong 
birefrmgence appeared, however, upon addition of antifertihzm or upon stainmg with 
acndmeorange. This was found to be n^ative m the radial direction with 
the former agent and positive with the latter Monnfi pomts out that the isotropy 
of the normal coat may be attributed to irregular or to regular structure, the latter 
bemg obscured by compensatmg positive and negative birefrmgencies of its constit- 
uents or by hydration of a birefrmgent substance present m s m all amount The 
ready appearance of double refraction upon treatment may be taken to favor the 
latter view, but further work wiU be necessary to deade the question 
In attemptmg at the present tune to present a picture, such as the above, of the 
manner m which fertilizm and antifertilizan may act m effectmg attachment of the 
sperm, one runs the risk of havmg the evident weaknesses of a particular scheme con- 
fused with the evidence that such substances are defimtely concerned m the processes 
under consideration However, I feel sure that most workers m the field will not 
fail to make the distmction The great extent to which the present picture is obscure 

and hypothetical is a measure of the lack of specific mformation It may be hoped 
that this attempt to visualize a mechanism will help stimulate experimentation de- 
signed to discover the true mode of action of the substances mvolved m fertilization 
The problem of sperm attachment may seem of rather mmor, special inyiortance to 
some biologists It should, then, be remarked that it is part of the general problem 
of the adherence of the cells of the vanous tissues and organs to form a differentiated 
mulbcellular organism and that it has seemed reasonable to assume (see Tyler, 220, 
Weiss, 239) that the same kmd of factors are m operation 

ANTIFERTILrZIN mOU EGGS 

A EiTECrs Ldhe (no) presented evidence to show that the mtenor of the egg of 
Arbaoa contamed a substance (that he also termed antifertilizm) capable of mac- 
tivatmg fertihzm Tyler (203) confirmed this with extracts of frozen and thawed 
Strongylocentrotus eggs that had been deprived of their gelatmous coat and showed 
that the extracts would agglutmate mtact eggs and cause the formation of a precipita- 
tion membrane on the surface of the gelatmous coat [For the record it may be men- 
tioned that Runnstrom (181) had earher observed preapitation of the gelatmous coat 
of Arbaoa eggs by means of an extract of the ^gs but did not attempt to relate this 
to fertihzm-antifertilizm reactions] No particular action of the extracts on the 
sperm has been noted The active agent m the egg extract behaves, then, m a man- 
ner smular to the antifertilizm obtamed from sperm and it is perhaps justifiable to 
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the sperm (see p 195) If the complementary fertihzm groups are radially arranged 
m the gel and absent from its outermost surface, then on contact with the latter the 
spermatozodn would be held m a position normal to the egg surface Smce interac- 
tion of fertihzm and antifertihzm results m preapitation (presumably because the 
specific combmmg groups are also the ones that render these substances hydrophihc 
and the mteraction destroys their affinity for water) the micelles would al» tend to 
preapitate Smce it is anchored to the surface of the cell, preapitation of a micelle 
would be manifested by its contraction The spermatozobn would thus be brought 
mto contact with more deeply located combmmg groups and cause further contrac- 
tion of micelles until the surface of the egg is reached Radial arrangement of the 
available groups- m the gel would keep the spermatozobn oriented normal to the egg 
surface, where further mteraction of the fertihzm on the vitelhne membrane with the 
laterally disposed antifertdizm on the head of the stperm would result m more mtimate 
contact and could even account for the depression of the membrane that is seen at the 
pomt of attachment To speculate further, reaction with the fertihzm of the vitelline 
membrane might mvolve a weakenmg of the latter, so that the egg substance tends to 
protrude m the form of the entrance cone which engulfs the sperm and is then par- 
tially (e g , extrusion cones) or completely retracted mto the egg by purse-stnng 
closure of the plasma membrane, as the vitellme membrane is converted mto the 
fertilization membrane To account for the block to polyspermy one might assume 
a rapid, cham-like reonentation of the mokcules compnsmg the vitellme membrane in 
response to the first sperm to attach so that the supemiuneranes cannot attach as 
firmly One might also assume that a lytic agent such as that described below (p 
206) IS mvolved m penetration and block to polyspermy 
Detailed support for the above kmd of picture of approach and attachment of the 
spermatozobn wdl not be attempted here but a few observations pertammg thereto 
may be presented The sea urchm spermatozobn does not swim very actively as it 
passes through the coat of the egg, rather the tail becomes progressively motionless 
as It enters the jelly The mtimate attachment to, and depression of, the vitellme 
membrane may not, then, be attributed to mechanical activity of the sperm The 
first observations of fertilization, made by Fol (41, 42) on the starfish egg, showed this 
very strikmgly along with the formation of a cunous filament which Chambers (16, 
17) and Hbrstadius (81) have carefully studied When the starfish spermatozoon 
strikes the surface of the coat of the egg it becomes motionless and a filament appears 
extendmg from the head of the sperm directly to the vitellme membrane The 
filament then contracts draggmg the sperm with it untiUt reaches the surface of the 
egg A smgle egg may show a large number of such filaments extendmg to many of 
the spermatozoa on the surface of the jelly coat and their contraction bnngs many of 
the supernumerary sperm mto contact with vitelhne membrane where their entiy is 
evidently blocked Accordmg to Hbrstadius the filament has the form of a hollow 
cylinder I should mterpret the formation and contraction of the filament to be due 
to preapitauon of the fertihzm micelles of the gel by mteraction with antifertilmn 
of the sperm as descnbed above RunnstrCm (182) has exammed starfish sperm ex- 
tracts for the presence of antifertihzm and obtamed no preapitation membranes on 
the surface of the coat of the egg However, smce the presence of fertihzm m solu- 
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D Natural Auro-AimBODrES i Terminology In considering the fertihzm- 
antifertilizm reaction to be analogous to that of antigen with antibody, one may ask 
which represents antigen and which antibody With the usual immune bodies the 
answer is relatively simple The antibody is the substance that is produced as a 
' result of mjection of the antigen and is ordmanly found m a protem component of the 
serum of the immunized animaL The antigen is the mducmg agent, which may be a 
protem or polysacchande m solution or as part of a cell and which will react with the 
antibody to give preapitation, agglutmation, alexm fixation, etc , dependmgupon the 
conditions of the reaction The term is also apphed to substances (simple and com- 
plete haptens) which by themselves are mcapable of mducmg antibody-formation 
but can react with the specific antibodies When normally occurring substances, 
such as those mvolved m the blood group reactions, are considered, the definitions 
must be broadened somewhat In this case the agglutmms are present m the non- 
immumzed animal, havmg been formed as a result of gene-controlled reactions 
Thty are generally termed antibodies by immunologists because of their presence m 
the serum, but such designation immediately conflicts with that part of the definition 
of antibody as somethmg produced as a result of the mtroduction of a foreign sub- 
stance mto the organism Likewise, designation of the so-called agglutinogens of the 
erythrocytes as antigens broadens the definition of that term There are also cases 
where two substances occurnng normally m the sera of different animals mteract, 
as for example m the inhibition of blood group reactions (241) The designations m 
such cases would depend upon the direction m which the test is set up This is the 
type of situation mvolved m attemptmg to use these terms for fertilizm and anti- 
fertihzm Thus fertilizm can act as an agglutmm for sperm and might therefore be 
termed an antibody But antifertilizm can act as an agglutmm for the eggs and 
should likewise be termed an antibody Rather than abuse the termmology to that 
extent it is preferable to refer to such substances as complementary substances (com- 
plementary protems, etc , further designation dependmg upion them chemical nature) 
of which the more familiar antigens and antibodies form a class whose manner of m- 
teraction is fundamentally the same Professor Sterhng Emerson, of this mstitution, 
has suggested (not too senously) alleloplastology m place of immunology to designate 
the study of such reactions which are mvolved m problems of biological specrfiaty 
The reactants might then be termed alleloplasts Some such general termmology 
would have definite use The purpose of mentionmg Emerson’s suggestion here is to 
encourage consideration of the termmology In the meantime substances hke fer- 
tilizm and antifertilizm may be designated mutually complementary substances 
whose mteraction occurs m the manner of antigen and antibody 

2 Mutually complementary substances tn cells The findmg of antifertihzm withm 
the egg means, then, that a smgle cell contams a parr of components, capable of m- 
teracting with one another m antigen-antibody manner The imphcations of this 
and related findmgs m immimological and general biological problems have been pre- 
sented m previous pubhcations (Tyler, 203, 206, 217, 220) and only a brief summary of 
some of the pomts will be given here 

It IS of importance first to know whether or not the situation is general for all kmds 
of cells In immunological hterature there are a number of reports of agglutination 
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use the same term for both As m the case of the antifertihzm from sperm, absorp- 
tion of the extracts with eggs or treatment with solutions of fertihzin rapidly neu- 
traha^s the antifertihzm When mtact fresh eggs are extracted by freezmg and 
thawmg m sea water, no antifertilizm is generally obtained m the solution This is 
evidently due to its neutralization by the fertihzm of the gelatinous coat From 
freshly shed eggs, that are provided with a large coat, the relative amounts of fer- 
tihzm and antifertihzm extractable is of the order of ten to one, as tested by recip- 
rocal neutralization The occurrence of antifertihzm withm the cell along with 
fertihzm on the surface has mterestmg imphcations that will be discussed further 
below 

B Chemical and antigenic peoperties Some mformation concemmg the 
chemical nature of the antifertilizm of eggs has been obtamed by Tyler (203, 221) 
For extraction it is of importance first to remove the coat of the egg, smce this would 
otherwise neutralize much or all of the antifertihzm Freezmg and thawmg of the 
jellyless eggs of Strongylocentrotus yields a coagulum of msoluble egg material along 
with a yellowish colloidal solution contammg the antifer tilizm The active agent is 
nondialyzable and preapitates m ammonium sulphate or, m the absence of salts, at 
pH 4 to 4 s It IS msoluble m alcohol and mactivated by heat and by proteolytic 
enzymes While there is resemblance to the antifer tiliz m of sperm m these few prop- 
erties, much further mformation will be needed before any definite conclusions can 
be drawn concemmg the extent of sunilanty or dissundanty The present evidence 
mdicates that the material is a protem 

The solutions of antifertihzm from eggs are found to be active antigens The 
antiserum, obtamed by immunization of rabbits with such solutions, neutralizes and 
preapitates the antifertilizm but does not agglutmate the mtact eggs The latter 
effect IS understandable smce the antifertihzm is a subsurface antigen On the other 
hand, the antiserum does agglutmate homologous sperm This means then that the 
antifertihzm from eggs is antigenically similar to that from sperm It does not, 
however, necessarily imply any overall chemical simdanty 

C Role in fertiuzation Direct tests of the function of the antifertihzm of eggs 
by removal or neutralization experiments are not readily feasible Treatment of 
eggs with the solutions is foimd (203) to mterfere with fertilization, as m the case of 
treatment with the antifertilizm of sperm 

T.1II1P. (114) proposed that the antifertihzm of eggs is mvolved m the establishment 
of the bbck to polyspermy He pictured it as reactmg with fertihzm immediately 
upon fertilization, thereby rendermg the latter unavailable for reaction with addi- 
tional spermatozoa Smce apparent secretion of fertihzm by unfertilized eggs and its 
cessation upon fertilization is now attributable to dissolution of the gelatmous coat, 
the proposal m its ongmal form seems no longer tenable It is conceivable that the 
antifertihzm might act m some such manner by mteraction with a layer of fertihzm 
on the vitellme membrane of the egg, but expenmen tal evidence concemmg this is 
completely lacLmg 

Concemmg the speafiaty of the antifertihzm from eggs, present evidence shows 
cross-reaction between the related, cross-fertihzmg speaes of echmoids, S,purpuratus, 

S franciscanus, Lytechmus pictus and Dendraster excentncus 
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D Natural Auxo-ANTtBODiES i Temniwlogy In considering the fertdmn- 
antifertihzin reaction to be analogous to that of antigen with antibody, one may ask 
which represents antigen and which antibody With the usual immune bodies the 
answer is relatively simple The antibody is the substance that is produced as a 
result of mjection of the antigen and is ordmanly found m a protem component of the 
serum of the immuni2«d an imal. The antigen is the mducmg agent, which may be a 
protem or polysacchande m solution or as part of a cell and which will react with the 
antibody to give preapitabon, agglutmation, alexm fixation, etc , dependmgupon the 
conditions of the reaction The term is also apphed to substances (simple and com- 
plete haptens) which by themselves are mcapable of mducmg antibody-formation 
but can react with the specific antibodies When normally occurrmg substances, 
such as those mvolved m the blood group reactions, are considered, the definitions 
must be broadened somewhat In this case the agglutmms are present m the non- 
immunized animal, havmg been formed as a result of gene-controlled reactions 
They are generally termed antibodies by immunologists because of their presence m 
the serum, but such designation immediately conflicts with that part of the definition 
of antibody as somethmg produced as a result of the mtroduction of a foreign sub- 
stance mto the organism Likewise, designation of the so-called agglutmogens of the 
erythrocytes as antigens broadens the definition of that term There are also cases 
where two substances occurrmg normally m the sera of different animals mteract, 
as for example m the inhibition of blood group reactions (241) The designations m 
such cases would depend upon the direction m which the test is set up This is the 
type of situation mvolved m attemptmg to use these terms for fertilizm and anti- 
fertilizan Thus fertihzm can act as an agglutmm for sperm and might therefore be 
termed an antibody But antdertilmn can act as an agglutmm for the eggs and 
should likewise be termed an antibody Rather than abuse the termmology to that 
extent it is preferable to refer to such substances as complementary substances (com- 
plementary protems, etc , further designation dependmg upon their chemical nature) 
of which the more familiar antigens and antibodies form a class whose manner of m- 
teraction is fundamentally the same Professor Sterlmg Emerson, of this mstitution, 
has suggested (not too seriously) alleloplastology m place of immunology to designate 
the study of such reactions which are mvolved m problems of biological specifiaty 
The reactants imght then be termed alleloplasts Some such general termmology 
would have definite use The purpose of mentionmg Emerson’s suggestion here is to 
encourage consideration of the termmology In the meantime substances like fer- 
tilizm and antifertihzm may be designated mutually complementary substances 
whose mteraction occurs m the manner of antigen and antibody 

2 Mutually complemeniary substances m cells The findmg of antifertihzm withm 
the egg means, then, that a smgle ceU contams a parr of components, capable of m- 
teractmg with one another m antigen-antibody manner The unphcations of this 
and related findmgs m immunological and general biological problems have been pre- 
sented m previous pubhcations (Tyler, 203, 206, 217, 220) and only a bnef summary of 
some of the pomts will be given here 

It is of importance first to know whether or not the situation is general for all kmds 
of cells In immunological hterature there are a number of reports of agglutmation 
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or lysis of cells by means of extracts of the same cells The present author, too, has 
been able to extract such auto-agglutmms from vanous bacteria and red blood cells, 
but not consistently One of the difficulties evidently mvolved m such attempts is 
^e probable occurrence of mteraction and precipitation of the complementary sub' 
stances m processes of extraction that mvolved destruction of the whole celL If sur- 
face substance be present m excess it would bmd the complementary subsurface sub 
stance and the latter would not be obtained m the ordmary extracts Smce the 
complementary substances may combme m multiple proportions and smce one or 
both may be ffinivalent’ there is further difficulty m extraction and identification 
In attemptmg to extract a complementary subsurface material it is evidently essential 
first to remove the surface substance While this is readily feasible m the case of the 
sea-urdun egg, it is more more difficult m other kmds of cells These factors may 
account for the above-mentioned lack of consistent results and more significance may, 
then, be attached to cases of active extracts 
There is no reason to expect complementary substances to occur simply m parrs, 
so m the present state of our ignorance we may conceive of cells as constmcted of a 
number of complementaiy substances For purpose of emphasis I have tenned this 
the auto-antibody concept Smce the complementary substances are capable of 
combmation, it is pertment to ask how they may exist together m the cell The ten- 
tative answer is that they are actually m combmation m the regions m which they 
adjom and by them imion form the vanous membranes on and withm cells The 
manner of formation of the complementary structures will be considered below 
In a multicellular organism it may be expected that some of the surface material 
of the cells of vanous tissues would also be present m the body flmds On this basis 
the demonstration by Kidd and Fnedewald (92) that normal rabbit serum reacts, 
m antibody manner, with a sedimentable constituent of extracts of vanous organs 
of the same anunal is consistent with the auto-antibody concept. A more familiar 
auto-antibody is the so-called Wassermann reagm found m syphihticserum Sunilar 
examples are known m other diseases, such as mfectious mononucleosis, yellow fever, 
acute hepatitis, malaria and virus pneumonia The reagm reacts with a hpoid sub- 
stance that IS extractable from the tissues of the same animal Smce it appears after 
infection it is assumed to be an immunologically mduced antibody The usual m- 
terpretations assume either that the hjxiid tissue constituent combmes with some 
protem of the mfectmg organism to form a complete antigen capable of mducmg the 
formation of antibodies directed agamst the hpoid or that the pathogen possesses an 
antigen that is serologically similar to the tissue hpoid A third mterpretation is 
provided by the auto-antibody concept It assumes that, m the tissue destruction 
occasioned by the pathogen, hpoid and complementary protem are hberated and 
that the smaller hjioid molecules are more rapidly ehmmated from the body, leavmg 
the complementary protem present m excess m the circulation and capable of reactmg 
m vitro with add^ hpoid Agents that tend to mcrease the concentration of hpoid 
m the blood would presumably render the serum nonreacUve and this may explam 
why alcohol unbibition results m false negative Wassermann reactions It should, 
on this basis, also be possible to cause false posiUve reacUons without mfecUon, and 
m this connection it may be noted that donors for blood banks have often been found 
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to give false positive reactions after repeated bleedings Presumably the dram on 
the tissue cells in replacing the serum proteins results m liberation of some protem 
that IS complementary to the tissue hpoid WTiile real evidence is as yet lackmg, 
these examples perhaps suffice to show that the question is subject to experimental 
attach. 

3 An atUo-anhvenm A practically, as well as theoretically, important property 
of immune antibodies mduced agamst pathogemc organisms, toxms or venoms, is 
their abflity to act as protective agents It is of mterest, then, to learn whether the 
so-called auto-antibodies might serve m that manner Experiments by the author 
with extracts of pneumococci have not, as j^et, yielded defimte results one way or the 
other However, m other experiments with a venomous reptile called the Gila 
monster, material capable of neutralizing the venom of the same animal as well as 
of other mdividuals has been obtamed (217) This material was found m the serum 
and m extracts of the hver of the animal, but not m extracts of the venom glands 
where it was first sought The latter pomt would be difficult to reconcile with the 
auto-antibody concept if the venom gland is the site of synthesis of the venom How- 
ever, this IS not known to be the case and the evidence (see 125) mdicates that it may 
be produced elsewhere and transported m bound form to the gland where it is released 
Ihe antivemn m the blood may, then, represent complementary substance left be- 
hmd when the venom is taken up by the gland, both substances presumably commg 
from the hver Aside from the precise mterpretation the findmg of antivemn m the 
animal is favorable to the view that naturally occumng complementary substances 
may act as protective agents 

There are many examples, that may be ated from the immunological hterature, 
of the destruction of cells by means of substances denved from the ssune kmd of cell 
Thus certam antibacterial proteins such as lysozyme and diplococcm are denvable 
from the same speaes of organism on which they act (135, 162) Certam autoljrtic 
enzymes perhaps belong m this category, although m most instances they do not 
attack the mtact cell (see 31) Bacteriophage may be regarded as an example of this 
type smce it attacks the cell from which it is produced and is known to react m anti- 
body-like manner with a surface constituent of the cell (see 24) In fact it seems just 
as reasonable to regard the virus as bemg originally a gene-hke cellular component as 
to consider it a distmct parasitic bvmg entity The facts of spontaneous lysogeniaty 
would perhaps be better understood on that basis than on the basis of phage earners 
4 Antibody formatten The antigen-antibody analogy leads to the view that the 
complementary substances of cells are formed by the same kmd of processes as are 
involved m antibody formation The exact mechanism of antibody formation is 
not known, but there is now wide acceptance of the general theory proposed by BremI 
and Haurowitz (5), Alexander (2) and Mudd (157) which has been extended and 
experimentally supported by Paulmg and Campbell (166-169) Bnefly, this theory 
involves mcoiporation of the foreign antigen mto the site of tynthesis of serum globu- 
lin, where it so influences the construction of the globuhn that vanous regions of the 
latter become structurally complementary to specific regions of the antigen In this 
general theory no statement is made as to the structure of the globuhn m absence of 
foreign antigen On the basis of the auto-antibody concept I have projiosed that the 
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normal globulin is similarly complementary to the substance compnsmg the normal 
site of synthesis The formation of serum globubn may be regarded as an expression 
of the normal process by which the cells form various macromolecular constituents 
mcludmg those mvolved m its own growth These constituents, then, would be com 
plementaiy to the substance or substances compnsmg the site of synthesis, i e , syn- 
thesis of cellular constituents would occur m the same manner as antibodies Many 
pairs of such mutually complemenlaiy substances should be extractable from cells 
plus the surroundmg fluids For the formation of self-duphcatmg bodies (e g , 
genes) of cells, it would be necessary to assume either direct mirror-imagmg of iden 
tical materials as Pauhng and Delbnick (170) have done or formation of an mter- 
mediate template which Emerson (37) lists as an alternative 
The specific structure of many constituents of cells is now known to be genetically 
detenmned This is particularly well exemplified m the work on the antigens of the 
blood cells (see 83) It seems reasonable to conclude, then, that the configurabon 
of vanous specific structures of the macromolecular constituents of cells are the same 
or the complement of those on the genes 
The bearing of the auto-antibody concept on problems of diflferentiation mvolves 
further speculation which has previously been suffiaently mdulged m (203, 206, 217, 
220) and which has received some possible experimental support (Weiss, 239) 

LYTIC AGENTS FROM SPERM 

A Effects i Egg-membrane lysu The unfertilized eggs of many speaes of 
animals among the mollusks, fish and amphibia normally possess viscous coats and a 
rather tough membrane which elevates from the surface when the eggs are shed mto 
their aqueous medium To effect fertilization the sperm must penetrate these bar- 
riers Several early workers have postulated the presence of a lytic agent on the 
spermatozoon to effect penetration Hibbard (79) and Wintrebert (244, 245) ob 
served that extracts or macerated suspensions of spermatozoa of the amphibian Dis- 
coglossus would break down one of the coats of eggs of that species lyier (200) 
found that sea-water extracts of frozen and thawed sperm of two mollusks, the key- 
hole hmpet Megathura crenulata and the abalone Hahotis cracherodii, were able to 
dissolve the egg membrane m the respective species Von Medem (232) confirmed 
this with other speaes of keyhole limpet and abalone Cross-reactions were not ob- 
tained with these mollusks, but more closely related forms have not been tested 
The process of dissolution of the membrane can be readily followed m the eggs of 
mollusks The membrane becomes thm, mcreases m diameter, may mdent in one or 
two regions and finally, if the extract is suffiaently strong, vanishes completely 
With strong extracts, or with concentrated sperm suspensions, disappearance of the 
membrane will occur m about three minutes if the gelatmous coat of the egg is present 
or m less than half a minute if the coat is first removed 

2 Folhde cell dispersal by hyaluromdase The unfertilized tubal egg of mammals 
(with some exceptions such as the sheep, opossum and monotremes) is surrounded by 
a layer of folhde cells, the cumulus obphorus, that persists for a considerable length 
of tune The cells are hdd together by a viscous matenal derived from the follicular 
fluid and the egg is thus covered by a tough coat through which the sperm must pass 
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to effect fertilizatioa It has been shown by Yamane (248, 249) andPmcus (171, 172) 
that when unfertihzed tubal eggs of the rabbit are exposed to dense sperm suspensions 
or to saline extracts of the sperm, the foUicle cells are dispersed within a feiv minutes 
This effect could also be brought about by sperm of other mammak At about the 
same tune, and qmte apart from the above-mentioned experiments, Duran-Reynals 
(32) and McClean (129) discovered what they called a spreadmg or diffusmg factor 
m extracts of mammalian testes This factor, when mjected mto the skin along with 
some mdicator (dyes, India mk, hemoglobm, toxins, viruses) permitted wndespread 
diffusion of the material which would otherwise be restricted to a small region Used 
with a vaccmia virus a considerable enhancement of vaccmal infection occurred 
Extensive mvestigations by these workers and others showed that the spreadmg factor 
was obtainable from various bacteria, snake venoms, poisonous insects, leech tissues 
and other sources besides mammalian testes and sperm (see reviews by Duran-Rey- 
nals, 33 and Meyer, 136), and have emphasized the importance of this factor in m- 
fechon Workmg along somewhat different hnes, Meyer el al (137) found an enzyme 
(called hyaluromdase) m autolysates of pneumococci, and later m extracts of rabbit 
ins, ciliary body and spleen, that hydrolyzed a polysacchande (called hyaluromc aad) 
which he obtamed from vitreous humor, umbdical cord and other sources The 
latter two mdependent hnes of work were correlated by Cham and Duthie’s (13, 14) 
demonstration that testis extract also hydrolyzed hyaluromc aad, and subsequent 
work showed hyaluromdase activity m various other preparations contammg spread- 
mg factor The relation to fertilimtion came about through the discovery by Mc- 
Clean and Rowlands (131) and Fekete and Duran-Reynals (39) that the dispersal 
of the folhde cells of rat and mouse ova could be brought about by preparations of 
h3mluromdase from vanous sources besides mammahan testes, and that the active 
agent roughly paralleled the hyaluromdase m enzymatic and spreadmg action and in 
physicocheimcal properties 

The dispersal of the folhde cells results from a dissolution of the mtercellular ce- 
mentmg material which is evidently hyaluromc aad, or at least sunilar to it Con- 
sidermg simply the sperm extracts, the effect is relatively nonspeaes-specific, cross- 
reactions bemg obtamed with vanous speaes of mamma ls (e g , bull and sheep sperm 
extracts on mouse ova) It is, however, rather tissue specific m that m amm alian 
tissues other than the sperm yidd httle if any of the active agent 

3 Dissolution of I he gelatinous coat of sea-urchtn eggs by hyaluromdase It was 
mentioned above m connection with antifertilizm (p 194) that Hartmann, Schartau 
and WaUenfels (69) observed a disapjiearance of the gelatinous coat of the eggs of 
Arbaaa under the influence of extracts of homologous sperm In other spieaes of sea 
urchins, Tyler and ©"Melveny (226) accounted for a s imil ar apparent disappearance 
by mcorporation of the material of the coat m the preapitation membrane that is 
formed by mteraction of the fertihzm of the coat wnth antifertihzm of the 
sperm extract and the rapid shrinkage of this membrane to the surface of the egg 
In recent experiments, Monroy and Ruffo (140, 180) agam report a dissolution of the 
coat of eggs of several speaes of sea urchins found at Naples (Psammechmus micr , 
Arbaaa lixula and Spharechmus gran ) imder the influence of a homologous or heterol- 
ogous spierm extract prejiared m the maimer employed for extracton of hyaluromdase 
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normal globulin is similarly complementary to the substance comprising the normal 
site of synthesis The formation of serum globulm may be regarded as an expression 
of the normal process by which the cells form various macromolecular constituents 
mcludmg those mvolved m its own growth These constituents, then, would he com- 
plementary to the substance or substances compnsmg the site of synthesis, i e , 
thesis of cellular constituents would occur m the same maimer as antibodies Many 
parrs of such mutually complemenlary substances should he oxtractahle from cells 
plus the surroundmg flmds For the formation of self-duphcatmg bodies (e g , 
genes) of cells, it would he necessary to assume either direct mirror-imagmg of iden- 
tical materials as Pauhng and Delbriick (170) have done or formation of an mter- 
mediate template which Emerson (37) hsts as an alternative 
The spiecific structure of many constituents of cells is now known to he genetically 
determmed This is particularly well exemplified m the work on the antigens of the 
blood cells (see 83) It seems reasonable to conclude, then, that the configuration 
of various specific structures of the macromolecular constituents of cells are the same 
or the complement of those on the genes 
The bearmg of the auto-antibody concept on problems of differentiation mvolves 
further speculation which has previously been suffiaently mdulged m (203, 206, 517, 
220) and which has received some possible experimental support (Weiss, 239) 

LYTIC AGENTS EROM SPERM 

A Effects i Egg-membrane lysts The unfertilized eggs of many speaes of 
animals among the mollusks, fish and amphibia normally possess viscous coats and a 
rather tough membrane which elevates from the surface when the eggs are shed mto 
their aqueous medium To effect fertilization the sperm must penetrate these bar- 
riers Several early workers have postulated the presence of a lytic agent on the 
spermatozobn to effect penetration Hibbard (79) and Wintrebert (244, 245) oh 
served that extracts or macerated suspensions of spermatozoa of the amphibian Dis- 
coglossus would break down one of the coats of eggs of that species Tyler (200) 
found that sea-water extracts of frozen and thawed sperm of two mollusks, the key- 
hole hmjiet Megathura crenulata and the abalone Hahotis cracherodii, were able to 
dissolve the egg membrane m the resfiective species Von Medem (232) confirmed 
this with other speaes of keyhole hmpet and abalone Cross-reactions were not ob- 
tamed with these moUusks, but more closely related forms have not been tested 
The process of dissolution of the membrane can be readily followed m the eggs of 
mollusks The membrane becomes thm, mcreases m diameter, may indent m one or 
two regions and finally, if the extract is sufihciently strong, vanishes completely 
With strong extracts, or with concentrated sperm suspensions, disappearance of the 
membrane will occur m about three minutes if the gelatmous coat of the egg is present 
or m less than half a minute if the coat is first removed 

2 Follicle cell dispersal by hyaluronidase The unfertihzed tubal egg of mammals 
(with some exceptions such as the sheep, opossum and monotremes) is surrounded by 
a layer of folhcle cells, the cumulus obphorus, that persists for a considerable length 
of tune The cells are held together by a viscous matenal denved from the follicular 
fluid and the egg is thus covered by a tough coat through which the sperm must pass 
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to effect fertilizatioa It has been shown by Yamane (248, 249) andPincus (171, 172) 
that when imfertihaed tubal eggs of the rabbit are exposed to dense sperm suspensions 
or to sahne extracts of the sperm, the foUicle cells are dispersed withm a few mmutes 
This effect could also be brought about by sperm of other mammals At about the 
same tune, and qmte apart from the above-mentioned experiments, Duian-Reynals 
(32) and McCIean (129) discovered what they called a spreadmg or diffusmg factor 
in extracts of mamynalian testes This factor, when mjected mto the sLm along with 
some mdicator (dyes, India ink, hemoglobm, toxins, viruses) permitted widespread 
diffusion of the material which would otherwise be restricted to a small region Used 
with a vaccinia virus a considerable enhancement of vaccmal infection occurred 
Extensive mvestigations by these workers and others showed that the spreadmg factor 
was obtamable from various bacteria, snake venoms, pioisonous insects, leech tissues 
and other sources besides mamma lian testes and sperm (see reviews by Duran-Rey- 
nals, 33 and Meyer, 136), and have emphasized the importance of this factor in m- 
fection Workmg along somewhat different hnes, Meyer cl al (137) found an enzyme 
(called hyaluromdase) m autolysates of pneumococci, and later m extracts of rabbit 
ins, ciliary body and spleen, that hydrolyzed a polysacchande (called hyaluromc aad) 
which he obtamed from vitreous humor, umbihcal cord and other sources The 
latter two independent hnes of work were correlated by Cham and Duthie’s (13, 14) 
demonstration that testis extract also hydrolyzed hyaluromc aad, and subsequent 
work showed hyaluromdase activity m vanous other preparations contaimng spread- 
mg factor The relation to fertilization came about through the discovery by Mc- 
CIean and Rowlands (131) and Fekete and Duran-R^als (39) that the dispersal 
of the folhde cells of rat and mouse ova could be brought about by preparations of 
hyaluromdase from vanous sources besides mammalian testes, and that the active 
agent roughly paralleled the hyaluromdase m enzymatic and spreadmg action and m 
physicocheimcal properties 

The dispersal of the folhde cells results from a dissolution of the mtercellular ce- 
menting material which is evidently hyaluromc aad, or at least similar to it Con- 
sidermg simply the sperm extracts, the effect is relatively nonspecies-speafic, cross- 
reactions bemg obtamed with vanous speaes of mammals (e g , bull and sheep sperm 
extracts on mouse ova) It is, however, rather tissue specific m that mammahan 
tissues other than the sperm yield httle if any of the active agent 

3 Dtssoluium of the gelahitotts coal of sea-iirchin eggs by hyaluromdase It was 
mentioned above m connection with antifertihzm (p 194) that Hartmann, Schartau 
and Wallenfels (69) observed a disappiearance of the gelatinous coat of the eggs of 
Arbaaa under the influence of extracts of homologous sperm In other speaes of sea 
urchins, Tyler and ©"Melveny (226) accounted for a sumlar apparent disappearance 
by mcorporation of the material of the coat m the preapitation membrane that is 
formed by mteraction of the fertihzm of the coat with antifertihzm of the 
sperm extract and the rapid shrinkage of this membrane to the surface of the egg 
In recent experiments, Monroy and Ruffo (140, 180) agam repiort a dissolution of the 
coat of eggs of several speaes of sea urchms found at Naples (Psammechmus micr , 
Arbaaa hxula and Spharechmus gran ) under the influence of a homologous or heterol- 
ogous sperm extract prepared m the manner employed for extraction of hyaluromdase 
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normal globulin is similarly complementary to the substance comprising the normal 
site of synthesis The formation of serum globuhn may he regarded as an expression 
of the normal process by which the cells form vanous macromolecular constituents 
mcludmg those mvolved m its own growth 'These constituents, then, would be com- 
plementary to the substance or substances compnsmg the site of synthesis, i e , syn- 
thesis of cellular constituents would occur m the same maimer as antibodies Many 
parrs of such mutually complemenlaiy substances should be extractable from cells 
plus the surroundmg fluids For the formation of self-duphcatmg bodies (e g , 
genes) of cells, it would be necessary to assume either direct mirror-imagmg of iden- 
tical matenals as Pauhng and Delbrtick (170) have done or formation of an mter- 
mediate template which Emerson (37) lists as an alternative 
The specific structure of many constituents of cells is now known to be genetically 
determmed This is particularly well exemplified m the work on the antigens of the 
blood cells (see 83) It seems reasonable to conclude, then, that the configuration 
of vanous spiecific structures of the macromolecular constituents of cells are the same 
or the complement of those on the genes 
The bearmg of the auto-antibody concept on problems of differentiation mvolves 
further speculation which has previously been suffiaently mdulged m (203, 206, ^17, 
220) and which has received some possible experimental support (Weiss, 239) 

LYTIC AGENTS FEOM SPEKM 

A Effects i Egg-fmmbram lysts The unfertilized eggs of many species of 
animals among the moUusks, fish and amphibia normally possess viscous coats and a 
rather tough membrane which elevates from the surface when the eggs are shed mto 
their aqueous medium To effect fertilization the sperm must penetrate these bar- 
riers Several early workers have postulated the presence of a lytic agent on the 
spermatozoon to effect penetration Hibbard (79) and Wmtrebert (244, 245) ob 
served that extracts or macerated suspensions of spermatozoa of the amphibian Dis- 
coglossus would break down one of the coats of eggs of that species Tyler (200) 
found that sea-water extracts of frozen and thawed sperm of tivo mollusks, the ke)'- 
hole limpet Megathura crenulata and the abalone Hahotis cracherodu, were able to 
dissolve the egg membrane m the respective species Von Medem (232) confirmed 
this with other species of keyhole hmpet and abalone Cross-reactions were not ob- 
tained with these mollusks, but more closely related forms have not been tested 
The process of dissolution of the membrane can be readily followed m the eggs of 
mollusks 'The membrane becomes thm, mcreases m diameter, may indent in one or 
two regions and finally, if the extract is suffiaently strong, vanishes completely 
With strong extracts, or with concentrated sperm suspensions, disappearance of the 
membrane will occur m about three minutes if the gelatmous coat of the egg is present 
or in less than half a minute if the coat is first removed 

2 Follicle cell dispersal by hyaluronidase The unfertilized tubal egg of mammals 
(with some exceptions such as the sheep, opossum and monotremes) is surrounded by 
a layer of folhcle cells, the cumulus obphorus, that persists for a considerable length 
of time The cells are held together by a viscous matenal denved from the follicular 
fluid and the egg is thus covered by a tough coat through which the sperm must pass 
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to effect fertilization It has been shown by Yamane (248, 249) and Pmcus (171, 172) 
that when unfertilized tubal eggs of the rabbit are exposed to dense sperm suspensions 
or to sahne extracts of the sperm, the folhcle cells are dispersed withm a few mmutes 
This effect could also be brought about by sperm of other m a mm a l s At about the 
same time, and qmte apart from the above-mentioned experiments, Duran-RQmals 
(32) and McClean (129) discovered what they called a spreadmg or diffusmg factor 
m extracts of mammalian testes This factor, when mjected mto the skin along with 
some mdicator (dyes, India ink, hemoglobm, toxins, xuruses) permitted widespread 
diffusion of the material which would otherwise be restncted to a small region Used 
with a vaccinia virus a considerable enhancement of vaccmal infection occurred 
Extensive mvestigations by these workers and others showed that the spreadmg factor 
was obtainable from vanous bacteria, snake venoms, pioisonous insects, leech tissues 
and other sources besides mammahan testes and sperm (see reviews by Duran-Rey- 
nals, 33 and Meyer, 136), and have emphasized the unportance of this factor in m- 
fecbon Workmg along somewhat different Imes, Meyer et al (137) found an enzyme 
(called hyaluromdase) m autolysates of pneumococa, and later m extracts of rabbit 
ms, aliaiy body and spleen, that hydrolyzed a pol>'sacchande (called hyaluromc aad) 
which he obtamed from vitreous humor, umbihcal cord and other sources The 
latter two mdependent hues of work were correlated by Cham and Duthie’s (13, 14) 
demonstration that testis extract also hydrolyzed hyaluromc aad, and subsequent 
work showed hyaluromdase activity m vanous other preparations contaimng spread- 
mg factor The relation to fertilization came about through the discovery by Mc- 
Clean and Rowlands (131) and Fekete and Duran-Reynals (39) that the dispersal 
of the folhcle cells of rat and mouse ova could be brought about by preparations of 
hyaluromdase from vanous sources besides mammahan testes, and that the active 
agent roughly paralleled the hyaluromdase m enzymatic and spreadmg action and m 
physicochenucal properties 

The dispersal of the folhcle cells results from a dissolution of the mtercellular ce- 
mentmg material which is evidently hyaluromc aad, or at least similar toil Con- 
sidermg simply the sperm extracts, the effect is relatively nonspeaes-speafic, cross- 
reactions bemg obtamed with vanous speaes of mammals (e g , bull and sheep sperm 
extracts on mouse ova) It is, however, rather tissue spieofic m that mammalian 
tissues other than the sperm yield httle if any of the active agent 

3 Dtssolulton of the gelaltrunis coal of sea-ttrchin eggs by hyaluromdase It was 
mentioned above m connection with antifertilmn (p 194) that Hartmann, Schartau 
and WaUenfels (69) observed a disappearance of the gelatmous coat of the eggs of 
Arbacia under the influence of extracts of homologous sperm In other sjieaes of sea 
urchins, Tyler and OMelveny (226) accounted for a s imil ar apparent disappearance 
by mcorporation of the material of the coat m the preapitation membrane that is 
formed by mteraction of the fertihzm of the coat with antifertilizm of the 
sperm extract and the rapid shnnkage of this membrane to the surface of the egg 
In recent experiments, Monroy and Ruffo (140, 180) agam report a dissolution of the 
coat of eggs of several speaes of sea urchms found at Naples (Psammechmus micr , 
Aibaaa hxula and Spharechmus gran ) under the influence of a homologous or heterol- 
ogous sperm extract prepared m the manner employed for extraction of hjaluromdase 
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from bull testis They also find that bull testis extract causes a similar initial swell 
mg of the coat but no final dissolution, and that the sea urchm sperm extract has 
viscosity-lowenng action on hyaluronic aad preparations but is much less active 
m that regard than is the bull h3ialuronidase They conclude that sea-urchm sperm 
contam a hyaluromdase-hke substance and the difference from bull testis-hyalurom- 
dase IS due to difference m relative amounts of two components of hyaluromdase 
While there is evidence for the presence of two or more enrymes, or enzymatic activi 
ties, that may differ m relative concentration m preparations from different sources, 
the situation is not as yet well enough understood (see Meyer, 136) to permit ready 
apphcation to the present case Monroy and Ruffo also report no inhibiting action 
of egg water on the dissolution of the jelly coat by sperm extracts 
Runnstrbm et al (187) reported that hyaluromdase from bull testis did not attack 
the coat of eggs of the sea urchins P mihans and E cordatum They do not men- 
tion whether or not there was any swellmg such as Monroy and Ruffo report. In this 
laboratory bull testis-hyaluromdase exhibited no dissolvmg or swellmg action on the 
coat of eggs of L pictus (221, 93) nor was such action ob tamed with the sea-urchm 
spierm extracts, prepared accordmg to the methods used for hyaluromdase. When 
tested by the mucm-clot method these sea-urchm extracts showed no hyaluromdase 
activity They also showed no spreadmg activity m gumea-pig skin and sunilarly 
negative results were obtamed with a Megathura sperm extract contaimng the egg- 
membrane lysm Another findmg that is of mterest m this connection is that con- 
centrated prqiarations of sea-urchm fertihzm give a mucm-clot reaction (93) This 
reacbon consists m the formation of a fibrous clot or a flocculent preapitate, de- 
pendmg upon the degree of polymerization or aggregation of the material, when 
protem is added to it m aad solution Hyaluromc add preparations give this re 
action (138) but not after they are treated with hyaluromdase, which can then be 
assayed by this method (see Meyer, 136) That fertihzm, too, gives this preapita- 
tion reaction means only a very general resemblance to hyaluronic aad, smce many 
muons of aadic nature behave m this manner As yet no inhibition of this reaction 
of fer tihz m has been obtamed with bull testis-hyaluromdase, and sea-urchm sperm 
extracts tend to enhance rather than to prevent it 
It 13 evident that further work will be requured to ascertam definitely the presence 
or absence of h3aluromdase m sea urchins 
4 Egg surface {vitdltne-^membTane) lysts RunnstriJm et al (183-189) have dis- 
covered an mterestmg new effect of methanol extracts on sea-urchm sperm This is 
mterpreted as a hquefaction of the egg surface and is manifested m the foUowmg ways 
a) when placed m hypertomc solution the treated eggs shrink with a much smoother 
surface and lytolyze more readily than do the controls, b) cytolysis m h3T)otomc solu- 
tion occma m less dilute solution than is needed for the control eggs, c) the constnc- 
tion mto two fragments that occurs upon high speed centnfugaUon takes place more 
readily m the treated eggs, d) eggs of P mihans and E cordatum, which are often 
quite elongate when shed, become sphencal very soon after addition of the sperm 
extract In the mtact, unfertilized sea urchm egg the vitellme membrane is not 
readily discernible, but vanous observaUons of these authors strongly indicate that 
It IS this structure that is attacked by them sperm extracts Other effects of this 
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material mclude mhibibon of fertilization in P milians, inhibition of motihty of sperm 
of E cordatum, but not of P milia ns, inhi bition or retardation of agglutination of E 
cordatnm sperm by homologous egg water and by antiserum and sphenng of mam - 
malian erythrocytes The authors find that most of these effects can be imitated by 
certam detergents (Duponol and Dupont QB), and by honty bee venom 
B CHEmcAL AND ANTIGENIC PEOPERTIES I Egg-membrane lysin Some of the 
properties of the lybc agent m extracts of Megathura sperm have been exammed by 
Tyler (200) It IS nondialyzable, salts out m saturated ammomum sulphate, is not 
extractable by alcohol and is readily inactivated by crystallme trypsm or chymotryp- 
sin. It seems fairly safe to conclude that the lysin is of protem nature It is ex- 
tremely heat labile, at 50“ C , for example, its half life is about onemmute Solutions 
prepared by ammonium sulphate preapitation and dialysis possess antifertflizm 
activity and the latter remains unaltered when the lysm is heat-mactivated This 
does not necessarily mean that there are two distmct, separate-actmg substances 
present Considerably more mformation will be required before defimte conclusions 
maybe drawn m this regard. 

Antiserum prepared m rabbits against active or mactrvated preparations of the 
lysm preapitate with the solutions and render them macbve for membrane lysis (221) 
Whether or not they also neutralize the antifertihzm is not readily determmable, 
smce the antiserum agglutmates the sperm Cross reactions with abalone sperm were 
not obtamed. The results show that the specific structures causmg lysis are not 
really antigemc. This is consistent with the results of similar, more extensive m- 
vestigations with hyaluromdase (see below) 

2 Syaluromdase Work on the chermcal properties of this agent has been re- 
viewed by Meyer (136) In the present connection it should be emphasized that 
heat labile proteins are agam mvolved. This is shown primarily by their inactiva- 
tion by pepsm and trypsm, but not carboxypolypeptidase, nondialyzabflity and pre- 
cipitation by many reagents commonly employed for proteins At 6o°C solutions 
of bull testis-hyaluromdase at pH 7 lose 99 per cent of them activity m five mmutes, 
99 9 per cent m 15 mmutes, and at room temperature activity is veiy rapidly lost 
below pH 4 and above pH 10 (127) Chemically purified preparations were found 
to be electrophoretically and ultracentnfugally inhomogeneous, the active component 
bemg isoelectnc at about pH 5 7 and havmg a sedimentation constant (Sjo) of 4 3 
(62) Detectable hydrolytic or spreadmg reactions are obtamed with as httle as 
io~^mgm of purified material 

There is evidence that hyaluromdase from different sources may differ enzymati- 
cally (see Meyer, 136) While all cause an mitml depolymenzation as shown by vis- 
cosity reduction (and presumably also by spreadmg and mucm clot tests), they differ 
m the extent to which they complete the hydrolysis of the h5^uromc aad mto its 
acetyl glucosamme and glucuromc acid components Testicular and leech 
hyaluromdase give only about half the theoretical yield (measured as reducmg 
sugars), while pneumococcal hj^uromdase gives almost complete hydrolysis and 
supplement the action of the testicular and leech materials Apparently there are 
different enzymes (or different active groups on the same molecule) mvolved m the 
depolymenzation and m the hydrolysis of the aldobiomc aad Hahn (63) has re- 
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from bull testis They also find that bull testis extract causes a sunilar imtial swell 
mg of the coat but no final dissolution, and that the sea urchm sperm extract has 
viscosity-lowenng action on hyaluromc aad preparations hut is much less active 
m that regard than is the bull hyaluromdase They conclude that sea-urchin spenn 
contain a hyaluromdase-hke substance and the difference from hull testis-hyalurom 
dase IS due to difference m relative amounts of two components of hyaluromdase. 
While there is evidence for the presence of two or more enzymes, or enzymatic activi- 
ties, that may differ m relative concentration m preparations from different sources, 
the situation is not as yet well enough understood (see Meyer, 136) to permit ready 
apphcation to the present case Monroy and Ruffo also report no inhibitmg action 
of egg water on the dissolution of the jeUy coat by sperm extracts 
Runnstrdm el al (187) repiorted that hyaluromdase from hull testis did not attack 
the coat of eggs of the sea urchins P mUians and E cordatum They do not men- 
tion whether or not there was any swellmg such as Monroy and Ruffo report In this 
laboratory bull testis-hyaluromdase exhibited no dissolvmg or sweUmg action on the 
coat of eggs of L pictus (221, 93) nor was such action ohtamed with the sea-urchm 
sperm extracts, prepared accordmg to the methods used for hyaluromdase When 
tested by the mucm-clot method these sea-urchm extracts showed no hyaluromdase 
activity They also showed no spreadmg activity m gumea-pig skm and smularly 
negative results were obtamed with a Megathura sperm extract contammg the egg- 
membrane lysm Another findmg that is of mterest m this connection is that con- 
centrated preparations of sea-urchm fertilizm give a mucm-clot reaction (93) Ibis 
reaction consists m the formation of a fibrous clot or a flocculent preapitate, de- 
pendmg upon the degree of pol)Tnenzation or aggregation of the matenal, when 
protem is added to it m aad solution Hyaluromc add preparations give this re 
action (138) but not after they are treated with hyaluromdase, which can then be 
assayed by this method (see Meyer, 136) That fertihzm, too, gives this preapita 
tion reaction means only a very general resemblance to hyaluromc aad, smce many 
muons of aadic nature behave m this manner As yet no inhibition of this reaction 
of fertilizm has been obtamed with bull testis-hyaluromdase, and sea-urchin sperm 
extracts tend to enhance rather than to prevent it 

It IS evident that further work will be required to ascertam definitely the presence 
or absence of hyaluromdase m sea urchms 
4 Egg surface (nleUtne-membrane) lysts Runnstrdm el al (183-189) have dis- 
covered an mterestmg new effect of methanol extracts on sea-urchm sperm This is 
mterpreted as a hquefaction of the egg surface and is manifested m the following ways 
a) when placed m hyjiertomc solution the treated eggs shrink with a much smoother 
surface and cytolyze more readily than do the controls, b) c3d;olysis m hypotomc solu- 
tion occurs m less dilute solution than is needed for the control eggs, c) the constnc- 
tion mto two fragments that occurs upon high speed centrifugation takes place more 
readily m the treated eggs, d) eggs of P mihans and E cordatum, which are often 
quite elongate when shed, become spherical very soon after addition of the sperm 
extract In the mtact, unfertilized sea urchm egg the vitellme membrane is not 
readily discernible, but vanous observaUons of these authors strongly indicate that 
It IS this structure that is attacked by them sperm extracts Other effects of this 
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matenal include inhibition of fertilization in P nulians, inhibition of motihty of sperm 
of E cordatum, but not of P milians, inhibition or retardation of agglutination of E 
cordatum sperm by homologous egg water and by antiserum and sphermg of mam- 
malian erythrocytes The authors End that most of these effects can be imitated by 
certam detergents (Duponol and Dupont QB), and by honey bee venom 
B CHE3U3CA1 AND ANTIGENIC PROPERTIES I Egg-moribrane lysxn Some of the 
properties of the lytic agent m extracts of Megathuia sperm have been examined by 
Tyler (200) It is nondialyzable, salts out m saturated ammomum sulphate, is not 
extractable by alcohol and is readily inactivated by ciystalhne trypsm or chymotryp- 
sin It seems fairly safe to conclude that the lysm is of protem nature It is ex- 
tremely heat labile , at 50° C , for example, its half life is about one mmute Solutions 
prepared by ammomum sulphate preapitation and dialysis possess antifertilizm 
activity and the latter remains unaltered when the lysm is heat-macbvated This 
does not necessarily mean that there are two distmct, separate-actmg substances 
present Considerably more information will be required before defimte conclusions 
may be drawn m this regard 

Antiserum prepared m rabbits against active or inactivated preparations of the 
lysm preapitate with the solutions and render them mactive for membrane lysis (221) 
Whether or not they also neutralize the antifertilizm is not readily detennmable, 
smce the antiserum agglutinates the sperm Cross reactions with abalone sperm were 
not obtamed- The results show that the specific structures causmg lysis are not 
•really antigemc This is consistent with the results of similar, more extensive m- 
veshgations with hyaluromdase (see below) 

2 Hydurontdase Work on the chemical properties of this agent has been re- 
viewed by Meyer (136) In the present connection it should be emphasized that 
heat labile proteins are agam mvolved. This is shown primarily by their mactiva- 
tion by pepsm and trypsm, but not carboxypolypeptidase, nondialyzabflity and pre- 
apitation by many reagents commonly employed for proteins At 6o°C solutions 
of bull tesbs-hyaluromdase at pH 7 lose gg pier cent of their activity m five mmutes, 
99 9 pnr cent m 15 mmutes, and at room temperature activity is very rapidly lost 
below pH 4 and above pH 10 (127) Chemically purified preparations were found 
to be electrophoretically and ultracentnfugally inhomogeneous, the active compionent 
bemg isodectnc at about pH 5 7 and havmg a sedimentation constant (Sjo) of 4 3 
(62) Detectable hydrolytic or spreadmg reactions are obtamed with as httle as 
io“<mgm of purified material 

There is evidence that hyaluromdase from different sources may differ enzymati- 
cally (see Meyer, 136) While aU cause an imtial depolymenzation as shown by vis- 
cosity reduction (and presumably also by spreadmg and mucm clot tests), they differ 
ID the extent to which they complete the hydrolysis of the hyaluromc aad mto its 
acetyl glucosamme and glucuromc aad components Testicular and leech 
hyaluromdase give only about half the theoretical yield (measured as reducmg 
sugars), while pneumococcal hyaluromdase gives almost complete hydrolysis and can 
supplement the acbon of the testicular and leech materials Apparently there are 
different enzymes (or different active groups on the same molecule) mvolved m the 
depolymenzation and m the hydrolysis of the aldobiomc aad. Hahn (63) has re- 
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from bull testis Tliey also find that bull testis extract causes a s imilar mitial swell- 
mg of the coat but no final dissolution, and that the sea urchm sperm extract has 
viscosity-lowermg action on hyaluronic acid preparations but is much less active 
m that regard than is the bull hyaluromdase They conclude that sea-urchin sperm 
contain a h3mluromdase-liLe substance and the difference from bull testis-hyalurom- 
dase IS due to difference m relative amounts of two components of hyaluromdase. 
While there is evidence for the presence of two or more enzymes, or enzymatic acUvi 
ties, that may differ m relative concentration m preparations from different sources, 
the situation is not as yet weU enough understood (see Meyer, 136) to permit ready 
apphcation to the present case Monroy and Ruffo also report no mhibitmg action 
of egg water on the dissolution of the jelly coat by sperm extracts 
Runnstrbm et al (187) rejjorted that hyaluromdase from bull testis did not attack 
the coat of eggs of the sea urchins P milians and E cordatum They do not men- 
tion whether or not there was any swelhng such as Monroy and Ruffo rejiort In this 
laboratory bull testis-hyaluromdase exhibited no dissolvmg or swelhng action on the 
coat of eggs of L pictus (221, 93) nor was such action obtamed with the sea-urchm 
spierm extracts, prepared accordmg to the methods used for hyaluromdase. When 
tested by the mucm-clot method these sea-urchm extracts showed no hyaluromdase 
activity They also showed no spreadmg activity m gumea-pig skm and similarly 
negative results were obtamed with a Megathura sperm extract contammg the egg- 
membrane lysm Another findmg that is of mterest m this connection is that con- 
centrated preparations of sea-urchm fertilizm give a mucm-clot reaction (93) Ihis 
reaction consists m the formation of a fibrous clot or a flocculent preapitate, de- 
pendmg upon the degree of polymerization or aggregation of the material, when 
protem is added to it m aad solution Hyaluromc add preparations give this re 
action (138) but not after they are treated with hyaluromdase, which can then be 
assayed by this method (see Meyer, 136) That fertihzm, too, gives this preopita 
tioD reBction means only a veiy general resembhnce to byaiuronic aad, smce many 
mucins of acidic nature behave m this manner As yet no inhibition of this reaction 
of fertilizm has been obtamed with bull testis-hyaluromdase, and sea-urchm sperm 
extracts tend to enhance rather than to prevent it 
It 13 evident that further work will be required to ascertain definitely the presence 
or absence of hyaluromdase m sea urchins 
4 Egg surface (yiteUtne-membrane') lysis RunnstrSm et al (183-189) have dis- 
covered an mterestmg new effect of methanol extracts on sea-urchm sperm This is 
mterpreted as a hquefaction of the egg surface and is manifested m the foUowmg ways 
a) when placed m hypertomc solution the treated eggs shrink with a much smoother 
surface and cytolyze more readily than do the controls, b) cytolysis m hypotomc solu- 
tion occurs m less dilute solution than is needed for the control eggs, c) the constric- 
tion mto two fragments that occurs upon high speed centrifugation takes place more 
readily m the treated eggs, d) eggs of P milians and E cordatum, which are often 
qmte elongate when shed, become sphencal very soon after addition of the sjierm 
extract In the mtact, unfertilized sea urchm egg the vitellme membrane is not 
readily discermble, but vanous observaUons of these authors strongly mdicate that 
it is this structure that is attacked by them sperm extracts Other effects of this 
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the egg with it, there is certainly the possibflity that it partiapates m other activities, 
but there is as yet no evidence of further action beyond that described 
2 Hydurontdase The folhcle cell mass of the mammalian egg is of tough con- 
sistency and evidently constitutes a barrier which would be difficult for the sperma- 
tozoon to traverse by mechamcal means alone The demonstration that the cement- 
ing material (probably hyaluromc aad) is dissolved by hyaluromdase, which the 
speimatozoSn carries, provides a ready explanation of its abihty to penetrate this 
barrier Smce the hyaluromdase that the sperm cames evidently functions m this 
manner it has seemed reasonable to deduce that addition of solutions of hyaluromdase 
to nonfertilizmg quantities of sperm would effect fertilization Experiments along 
this Une ha\ e been reported by Rowlands {179) and bj- Kuizrok, Leonard and Conrad 
(roo) Accordmg to the latter workers, fertilization was obtamed m six human fe- 
males, mth a history of sterile marriage, when bull testis-hyaluromdase was added to 
the semen specimen used for artifiaal insemination or placed m the gemtal tract 
pnor to coitus Smce appropriate controls are not readily feasible m experiments of 
this type with humans, the effect of hyaluromdase on the results is difficult to assess 
Rowlands reports a senes of seven experiments with rabbits In two experiments 
the number of spermatozoa required for fertilization was checked and found to range 
from 4 5 X io‘ to I 8 X io‘ In the other five experiments hyaluromdase (filtrate 
from 2 X 10^ sperm) was added to the inseminates and mcreased fertihty was ob- 
tained in four of them The median effectic e concentration of sperm m these range 
from 54 X io‘ to i 5 X 10*, and the acerage mcrease m fertihty is such that one- 
sixth the normal amount of sperm is needed when the enzyme is present, the range 
bemg from one-thirtieth to equal concentration m different tests 
There is, then, endence that hyaluromdase enhances fertilization m mammals 
Since It IS added m solution it would appear that it acts by contributmg to the dis- 
persal of the folhcle cells This would support the previous explanation, offered by 
McClean and Rowlands (131), of the large number of sjierm required for fertilization 
m mammals The additional sperm are presumably required to break down the 
folhcle coat of the egg This imphes that a smgle spermatozoon does not carry 
enough enzjme for this purpose, not even enough to make a httle pathuay for itself 
Smce enzymes are not ordinanl) used up m the reactions that they catalj’ze, it might 
be supposed that m time a single spermatozohn would manage to break doira the coat 
suffiaently to get through But this might mvolve a longer tune than its life sjian 
would allow There are, of course, other possible explanations for the apparent 
failure of a single spermatozoon to get through the coat unaided Thus there may be 
loss of h}'aluromdase from the spermatozoa m transit and mactivation of dissolved 
hyaluromdase with tune at body temperature It has been shown that the hyalu- 
lomdase content of semen is propKirtional, withm limi ts, to the spienn concentration 
(240, 100) The hyaluromdase is evidently given off contmuously by the sperm- 
atozoa and this is apparentlj aided by secretions of the seminal vesicles, smce the 
latter tissue, when mcubated with testis homogenate, gives an mcreased jneld of 
hyaluromdase (104) In the gemtal tract of female rabbits the ratio of hyaluromdase 
to spermatozoa was found to decrease with time (61) and this has been mterpreted 
to mean that ‘secretion’ of the enzjTne ceases there Howeier, to establish that 
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ported separating two such enzymes from testicular extracts, as well as an acetyl- 
glucosammidase which is not related tohyaluronidase activity 

Numerous mvestigators have shown that the activities of hyaluronidase can be 
blocked by means of specific antisera (see Duran-Rejmals, 33, M^er, 136) In con- 
trast to the lack of species-specific acffon of hyaluronidase, the antisera are highly 
specific Thus, antisera against the hyaluromdases of Clostridium welchi and Cl 
septicum do not cross-react (130) In tests of dispersal of folhcle cells of rat ova, 
antisera prepared m rats agamst bull testis-hyaluromdase did not cross-react with the 
rat testis enzyme (103) It may be concluded that the enigmatically active groups 
of tie h3^uromdase are nonantigemc Neutralization by homologous antibody 
may then be attributed to precipitation of the enzyme (which might also be hnked 
to some antigemc protem) or blockmg of the enzymaPcally active regions of the mole- 
cule by the presence of antibody combmed with adjacent antigemc groups, or both 

3 Egg-surface lystn Preparation of this substance accordmg to the latest method 
described by RunnstrGm and Lmdvall (183) mvolves methanol extraction of frozen- 
dned sperm, solution m chloroform, absorption on zmc carbonate column which 
separates it from accompanymg yellow colonng matter, elution m ethyl alcohol and 
repeated solution m distilled water and evaporation at 8o°C The substance is heat 
stable and dialyzes through cellophane 

The chemical properties of the egg surface lysm are quite different from those of 
antifertihzm Its abihty to neutralize fertihzm might imply some sumlanty m con 
stitution or it might even represent the determinant groups of the antifertihzm mole 
cules Agamst this is the observation that it is not m turn neutralized by fertihan 
and that it is relatively nonspecific It seems more hkely that it inhibits the agglu 
tmatmg action of fertihzm by some nonspecific action such as tymg up calaum, the 
absence of which mterferes with the agglutmabon of sea urchm sperm Its other 
effects seem to be more direct and lack of calaum, for example, has an effect opposite 
to that of the lysm m the hypertonicity test (186) 

C Role in FERxiLizAnoN i Egg-membrane lystn The manifest action of the 
lysm on the membrane bamers m moUuskan and amphibian eggs implies that it is 
instrumental m enablmg the mdividual spennatozobn to penetrate to the surface of 
the egg proper For this purpose the membrane need not be completely dissolved 


The membrane of eggs of this type remains visibly intact when penetrated by one or 
a few spermatozoa which evidently cause a small, hardly discemable lesion Loeb 
(i2r) developed a theory of fertilization that postulated the presence of a lysm 
m sperm along with a corrective factor The lysm was supposed to act on the 
surface of the egg and would lead to its destruction but, bemg checked by the 
corrective factor, results m activation The membrane lysm cannot be considered a 
lybc agent of this sort It has no effect on the surface of the egg proper, does not 
cause artificial activation nor affect the development of fertilized eggs (200) There 


have been reports (35, 164) of artificial activation of amphibian eggs by micromjec- 
tion of sperm extracts but, since such eggs can be activated by simple puncture and 
by chemical means (see 205), it cannot be concluded that the extracts contained the 
particular activatmg agent of the sperm 

Since the egg membrane lysm is earned by the spermatozoon and probably enters 
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However, there is no evidence that their lytic agent induces membrane elevation or 
causes general cytolysis upon prolonged treatment of the eggs except perhaps m very 
high concentration Hypertonic sea water, which is a corrective agent accordmg to 
iMh, has the reverse action in connection with RunnstrOra’s lytic agent Runn- 
BtrOm el al (188, 183) have also expressed the view that the lytic agent may be re- 
sponsible for the establishment of the block to polyspermy They note that it is ob- 
tamable from eggs as well as sperm and so could be released in the egg surface upon 
attachment of a smgle spermatozodn Since the agent inhibits agglutination they 
consider it to be effective m mhibitmg the attachment (agglutination to the egg sur- 
face) of supernumerary spermatozoa It should be remarked, however, that super- 
numerary sperm attach themselves 3:0 the surface of eggs and remain (attached?) 
there after fertilization That part of the hypothesis appears then unnecessary and 
they could appeal sunply to the demonstrated fertilization-inhibiting action of their 
lytic agent to support the view that it is mstnimental in preventmg polyspermy, 
provid^ that there is evidence of sufBaently rapid release and action on the egg 
surface 

That materials with detcrgent-like action can be extracted from sea urchin sperm 
and eggs is of dended interest, but before speculatmg on their possible role in fer- 
tilization, It IS desirable to know whether they are available under physiological con- 
ditions Runnstrhm el al (188) report prelimmaiy tests showmg that the agent is 
present in the supernatant obtained by centrifugation of a heavy suspension of hve 
sperm or frozen and thawed sperm They conclude that it is rather loosely bound to 
the spermatozoa Presumably, too, it is not given off by living spermatozoa m 
suffiaent amount to render the egg nonfertilizable before the spermatozoa reach it 
4 Sdf-stenltty in Ciona In connection with egg-membrane lysins, as well as the 
other specific substances of eggs and sperm, the phenomenon of self-stenhty in the 
hermaphroditic asadians should be discussed In recent years this has been the 
subject of extensive investigations by T H Morgan (145-156), who is also respon- 
sible for most of the early work on this topic, and by H Plough (173-175) Only a 
brief review of such features as pertain to sperm and egg extracts will be attempted 
here In many hermaphroditic animals including the asadians the eggs are more or 
leas refractory to sperm of the same animal This is strikingly exhibited in the asa- 
dian Ciona in which a sperm suspension that gives 100 per cent cross-fertiliza- 
tion (with eggs of another mdmdual) will, even when over 200 times more concen- 
trated, generally yield little if any self-fertilization The absolute amounts of sperm 
required vanes m different mdividuals and, in all cases, maeasing the concentra- 
tion of sperm increases the percentage of self-fertilization, but only rarely can 
100 per cent selfing be obtamed It is evident that self-stenlity is a relative affair 
For brevity, however, we shall use the term without qualifymg adjectives Cross- 
inscmination tests with wild mdividuals show occasional cases of aoss-stenlity and 
these occur more frequently among offspring of a self-fertilized individual or of a smgle 
pair of individuals Morgan showed that the situation has a genetic basis, although 
the exact factor-analysis has not as yet been accomplished He also demonstrated 
by various ingenious cxpicnmcnts that the block to self-fertilization resides in the 
membrane (between test and follicle cells) that surrounds the egg This membrane 
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point it would be desirable to know how the activity of hyaluronidase solutions, in 
troduced into the genital tract, vanes with time In artifiaal msemmation expen 
meats the added hyaluromdase must evidently reach the eggs and it is, then, ofim 
portance to learn how its transpiortation up the gemtal tract is accomplished It is 
also of mterest to know to what extent the folhcle ceU mass must be dispersed in order 
to effect successful fertilization By way of compianson, a striking example of fer- 
tilization without loss of folhcle cells may be mentioned The eggs of asadians are 
surroimded by a layer of so-called test cells, covered by a contmuous membrane on 
which IS another layer of follicle cells The spiermatozobn must penetrate through 
these cells, or the mtercellular cement, and through the membrane (which has no 
piores large enough for the sperm) This is accomplished without apparent effect on 
these coats which persist until the developmg embryo is ready for hatching 

It should be emphasized that it is not only m mammals but m practically all ani- 
mals that large numbers of spermatozoa must be present in order to effect fertiliza- 
tion One reason for this is quite evidently the necessity of providmg suffiaent 
opportunity for sperm and egg to encounter withm their respective life span 
Another factor is the proportionate mcapacitation of sperm by their reacbon with 
specific egg substance m solubon in the medium (see p ooo) Another factor may be 
the occurrence of large numbers of ph3rsiologicaUy defective spierm, but there is as 
yet no specific evidence concermng this In any event, such factors may also be 
expected to be mvolved in fertihzabon m mammals The great mterest that has 
been aroused by hyaluronidase will undoubtedly result m experiments designed to 
answer these and other questions relatmg to the precise manner m which it is mvolved 
m the fertilization process * 

3 Egg-surface lysm The lytic agent postulated by Loeb (121) might appear to 
be represented by the surface-hquefymg agent that Runnstrbm el al (183-189) ex- 
tracted from sperm Runnstrdm has menboned (personal commumcabon) that the 
substance is an unsaturated fatty acid It would thus resemble agents known to 
imtiate acbvabon and also cause lysis m sea urchm eggs Runnstrdm et d (188) 
consider their results to offer some suppiort for Loeb’s lysm theory of activabon 

•White the present article was m press papers dealing further with these questions have beta 
published b> G I M Swj-er (Biochem J 41 409, 1947 and 41 413, 1947), by M C Chang (Proc 
Soc Eip Biol Med 66 51, 1947) and b> S L Leonard, P L Perlman and R. Kurrook (Proc Soc 

Exp Biol Med 66 517,1947) Swj’er finds the hyuluronidasecorftent of semen of vanousmamnial! 

to be directlj correlated w ith sperm count. He also demonstrates that hj’aluronidase is not actively 
manufactured by the npe spermatozoa, but simply dissolves off at vanous rates dependmg upon 
conditions The rate of liberation of the enzyme is found to increase with dilution of the suspension 
and to decrease upon addition of hyaluronidase to the suspension 

The other two papers further justify the doubts expressed above as to the necessity for dispersal 
of the follicle cells Chang finds no enhancement of fertilization due to addition of hyaluronidase 
in rabbits He mterprets Rowland’s positive results as due to the action of the semmal fluid present 
m his hyaluromdase preparations since that flmd, free of hyaluromdase, is found to be capable of 
mamtaimng the fertilmng capacity of the sperm The observaUons of Leonard el al on rats show 
that fertilization normally takes place before there is any distmct dispersal of the follicle cells an 
that mtroducbon of hyaluronidase into the uterine horns of rats in heat results in no denudaUon ot 
tubal eggs These papers support, then, the view that the individual spermatozoon cames enough 

hyaluromdase to effect Its penetration through the folUcIecoat of the egg 
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However, there is no evidence that their lytic agent induces membrane elevation or 
causes general cytolysis upon prolonged treatment of the eggs except perhaps m very 
high concentration Hypertomc sea water, which is a corrective agent accordmg to 
Loeb, has the reverse action m connection with RunnstrSm’s lytic agent Runn- 
strSm et al (188, 183) have also expressed the view that the lytic agent may be re- 
sponsible for the establishment of the block to polyspermy They note that it is ob- 
tainable from eggs as well as sperm and so could be released m the egg surface upon 
attachment of a smgle sptermatozohn Smce the agent inhibits agglutmation they 
consider it to be effective m inhi biting the attachment (agglutmation to the egg sur- 
face) of supernumerary spermatozoa It should be remarked, however, that super- 
numerary sperm attach themselves ^o the surface of eggs and remam (attached?) 
there after fertdization. That part of the hypothesis appears then unnecessary and 
they could appeal simply to the demonstrated fertihzation-inhibitmg action of their 
lytic agent to support the view that it is instrumental m preventmg polyspermy, 
provided that there is evidence of sufifaently rapid release and action on the egg 
surface 

That materials with detergent-like action can be extracted from sea urchm sperm 
and eggs is of decided mterest, but before speculating on their possible role m fer- 
tilization, it IS desirable to know whether they are available under physiological con- 
ditions RunnstrOm et al (188) report preliminary tests showmg that the agent is 
present m the supernatant obtamed by centrifugation of a heavy suspension of hve 
sperm or frozen and thawed sperm Ihey conclude that it is rather loosely bound to 
the spermatozoa. Presumably, too, it is not given off by hvmg spermatozoa m 
suffiaent amount to render the egg nonfertilizable before the qiennatozoa reach it 
4 Self-slenhly vn Ctona In connection with egg-membrane lysms, as well as the 
other specific substances of eggs and sperm, the phenomenon of self-stenhty m the 
hermaphroditic asadians should be discussed In recent years this has been the 
subject of extensive mvestigations by T H Morgan (145-156), who is also respon- 
^le for most of the early work on this topic, and by H Plough (173-175) Only a 
bnef review of such features as pertam to sperm and egg extracts will be attempted 
here In many hermaphroditic animals mdudmg the asadians the eggs are more or 
less refractory to sperm of the same animal This is stnkmgly exhibited m the asa- 
dian Ciona m which a sperm suspension that gives 100 per cent cross-fertihza- 
tion (with eggs of another mdividual) will, even when over aoo tunes more concen- 
trated, generally )ueld httle if any self-fertilization The absolute amounts of spierm 
required vanes m different mdividuals and, m all cases, mcreasmg the concentra- 
tion of sperm mcreases the percentage of self-fertihzation, but only rarely can 
100 pier cent selfing be obtamed It is evident that self-stenhty is a relative affair 
For brevity, however, we shall use the term without quahfymg adjectives Cross- 
insemination tests with wQd mdividuals show occasional cases of cross-stenhty and 
these occur more frequently among offsprmg of a self-fertilized mdividual or of a smgle 
pair of mdividuals Morgan showed that the situation has a genetic basis, although 
the exact factor-analysis has not as jmt been accomplished He also demonstrated 
by vanous mgemous experiments that the block to self-fertilization resides m the 
membrane (between test and folhcle cells) that surrounds the egg This membrane 
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and the adhering cells can be removed mechanically (with some difficulty) or by 
means of proteolytic enzymes, and the eggs are then self-fertilizable It is not, 
however, necessary to remove the membrane Treatment of the eggs for five mm 
utes with pH 2 7 sea water has no visible effect on it, but renders the eggs self fer- 
tilizing 

The block to self-fertilization is evidently of highly sjiecffic nature smce the gametes 
of almost any piair of individuals selected at random fertilize readily The matenals 
on which it depends must, then, be of a highly specific nature In some early expen 
ments by Fuchs (45) egg water and egg extracts were found to enhance the cross- 
fertilizing power of Ciona sperm Morgan extended the experiments to self-fertiliza- 
tion with tests of \ arious lands of egg and spierm extracts For the most part no 
marked effects were obtained The preseime of, or treatment with, self-egg water 
w as found (145, 146) to reduce the self-fertihzmg, but not the cross-fertilizmg capaaty 
of the sperm However, in the cross-fertilization tests an excess of sperm was gen- 
erally present and occasional experiments did show inhibition Foreign egg water 
gave no mcrease in self-fertilization Sperm extracts would cause a slow (24 to 48 
hours) breakdow n of the membrane m many cases and this seemed to occur more 
readily with foreign eggs than with eggs of the same mdividual No significant 
facihtation of selfing nor inhibition of crossmg was obtamed by use of the sperm ex- 
tracts 

There is, then, some mdication that lytic and specific mteractmg substances may 
be extracted from Ciona sperm and eggs The relative weakness of the extracts may 
be attributed to various factors, such as methods of extraction, mstabihty, etc. The 
facts of self-stenlity preclude the possibility that the lytic agent is simply a proteolytic 
enzyme, although it is possible that some such enzyme may be released by the mter- 
action of the specific substances of the egg and sperm These substances must evi 
dently possess a degree of specifiaty of mteraction that is as great or greater than that 
exhibited m the human blood groups 

GENERAI. CONCLUSIONS 

Irom the work reviewed here it is evident that fertilization mvolves the mteraction 
of a number of substances on and withm the eggs and sperm Certam of these sub- 
stances mteract m the manner of antigen and antibody Others have enzymatic 
activities and others even may have detergent-hke action The general chemical 
nature of certam of these agents has been established Their precise role m fertiliza- 
tion has not as yet been determmed, but the evidence shows them to be concerned m 
the mitial steps, mcludmg the penetration of coats and membranes surroundmg the 
egg and attachment to the surface The action of these and other substances m the 
further steps, mvolvmg mcorjjoration of the spermatozofln into the egg and activation 
of the latter, is for the most part unknown The speofiaty of mteraction of these 
substances provide a basis for understandmg the tissue and speaes-specificity of fer- 
tilization, although none of the specificities so far exammed show precise correspion- 
dence Vanous properties of the mteractmg substances provide analogies with 
phenomena m the fields of immunology and virology These mclude such features as 
blockmg antibodies, heteroagglutmation, zone phenomena, phage neutralization, 
bacterial mvasiveness, etc Concepts employed m these fields find application m 
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studies of fertdization and these m turn suggest new general views, such as the auto- 
antibody concept of cell structure that is briefly discussed 

I am indebted to Miss Margret Sellers for her conscienUous help in the preparation of the manu- 
script of this paper 
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CHEMORECEPTION IN INSECTS 

V G DETHIER and L E CHADWICK 
From tJte Deparlmenl of Biology, The Johns Hopkins University 

BALTIMORE, MARYLAND 

and the Medical Division, Army Chemical Center 
MARYLAND 

H ighly speciali2ed sensory receptors normalfy capable of being eiated by 
direct contact with chemicals attam their most spectacular development in 
two groups of animals, the msects and the vertebrates (cf von Fnsch, 59) 
Despite radical histological and chemical differences m the superficial structure of 
the end organs withm the two groups, there appear to be si nkin g physiological 
s imila rities m the behavior of each toward numerous chemical compounds and in 
the manner m which stimulation is presumed to be mediated This apparent para 
dox has- not only stimulated mterest in the study of insect chemoreceptors but has 
also promoted a wealth of confusion by reason of anthropomorphic interpretation 
Nevertheless, it is becommg mcreasmgly apparent that chemorecqition throughout 
the animal kingdom is basically similar and that much is to be gained by the study 
of forms, such as insects, which frequently lend themselves more advantageously to 
experimentation than does man The present review, therefore, considers chemore- 
ception m msects, not as an isolated physiological phenomenon, but as one facet 
of the mtncate relation between animal chemoreceptors and the compounds which 
exate them 


DISTINCrrONS BETWEEN TASTE AND SMELL 

It IS now generally accepted that the chemical senses of msects may be separated 
mto three categones which correspond roughly to smell, taste and the common 
chermcal sense of vertebrates (39, 59, 103, 104, 145) However, the criteria upon 
which this division is based are at least as tenuous and unsatisfactory as those ap- 
phed to vertebrates (73, 96, iii) The foUowmg well-known pomts advanced to 
permit of distmction between the gustatory and olfactory senses of vertebrates are 
here re-exammed m the hght of newly acquired data on the ph3^ology of mvertebrate 
chemoreceptors (59, 73, 103) 

i) the two types of end organs differ anatormcaUy and with respect to their dis- 
tribution m the body, 2) olfaction is subserved by primary neurones and gustation 
by secondary neurones, 3) the two senses differ with respect to their threshold con- 
centrations, and 4) compounds which stimulate one set of receptors usually do not 
stimulate the other set 

i) The adequacy of anatomical and topographical factors as vahd cntena m 
msects suffers on two counts Although the distribution of chemoreceptors has been 
the subject of heated controversy smce 1798, the great body of accumulated ex- 
perimental evidence is madmissible by reason of questionable techniques (cf Mar 
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shall, 96) For this reason and because new loa of chemical stimulation are still 
bemg discovered (40), it is not yet advisable to relegate each chemical sense to 
specific areas of the body A second diflSiCulty is imposed by the fact that the end 
organs subservmg both senses frequently occupy the same segments of the same 
appendage (e g , the antennae of honeybees and the labellum of muscoid flies) It 
foilov?s, therefore, that nerve fibers from both types of receptors are contamed m 
the same nerve wherefore they enter the same lobe of the bram In the case of the 
antennal nerve of honeybees this would be the deutocerebrum Here the fibers 
even foUow the same tracts masmuch as all terrmnate m glomeruh situated pnnapally 
m the deutocerebral neuropde Sensory fibers from the labellum are gathered mto 
the labial nerve, which enters the suboesophageal ganghon Hence no analogy 
can be drawn with vertebrates where olfactory receptors are umervated by the 
olfactory nerve and taste receptors by the chorda tympani, glossopharyngeal and 
vagus (7, 8r, rrs, 120, 154) 

2) As HanstrSm has pom ted out, the histological cntena apphed to vertebrates 
are inadequate here because aU receptors m msects are primary sense cells (cf Snod- 
grass, 128) Moreover, histological information sufficient to permit a comparison 
on the basis of any other pomts of finer structure is still mcomplete, smce considerable 
doubt surrounds the identity of the chemoreceptors m many insects 

3) Quantitative differences based upon threshold values constitute the most 
promismg pomt of comparison Parker and Stabler (112) have shown that the 
minimum concentrations of ethanol perceptible by each of the three chemical senses 
m man are for smeU i 25 X 10“* M, for taste 3 M, for the common chemical sense 
5 to 10 M Comparable values measured as rejection thresholds have been deter- 
mmed for msects Ethanol acting as a gas on the antennal and labial end organs 
of female houseflies is rejected at s X io~* M (144) Acting as an aqueous solution m 
o I M sucrose on the tarsal receptors of blowflies il is rejected at a concentration of 
3 2 M (42) Both values should, of course, be obtamed for the same speaes, how- 
ever, the similanties between the sensitivities of the tarsal receptors of unrelated 
speaes mdicate a strong likelihood that this comparison between two closely related 
flies may be a vahd one 

The relative sensitivities of taste and smell are more stnkmgly illustrated when 
the hmits m each category are enammed For man, one of the most effective taste 
substances is quinine hydrochloride It is perceived m concentrations which are 
approximately i S X io~^ M (ro8) Aquatic beetles may be conditioned to it at 
dilutions of I 25 X io~* (9) One of the most effective olfactory stimuh for man, a 
mercaptan (probably methyl), is perceived m concentrations which are approxi- 
mately 9 X io““ M Values for this or s imila r compounds have not, however, been 
obtained with msects Values which approxunate the limits of sensitivity for the 
two categories of receptors have been obtamed with a few other compounds The 
tarsal receptors of some butterflies (e g , Danaus mentppe) ran be stimulated by solu- 
tions of sucrose as dilute as 9 8 X io~* M (5) , those of some flies {paUtpltora vomiiona 
and Cynomyja) by 3 9 X io~® M sucrose (27, 105) Carefully conducted experi- 
ments designed to test the sensitivity of olfactory receptors have been few Wamke 
(140) has found that dung beetles of the genus Geolrupes respond to the odor of a 2 3 
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X IO-® M skatol gas The tent caterpillar, Mdacosoma americana, is repelled by a 
gaseous mixture of benzaldehyde equivalent to 4 i X lo"’’ M (39) In neither case, 
however, do these values represent the limit of sensitivity for it is known that in- 
sects can be stimu l ated by mcredibly low concentrations of substances in the gas 
phase By way of illustration, odors, probably hpoid, protem or ester (23, 73) 
e m a n ating from female gypsy mo^s attract males from distances as great as 23^ 
miles 

That a strict distinction between taste and smell cannot be drawn even on a quanti 
tative basis is illustrated by a comparison of thresholds of the most stimulating taste 
and smell substances for man (63) When these are compared m terms of molecules 
per cubic millimeter, a continuous spectrum and overlappmg of stunulating effective- 
ness IS observed from the most effective olfactory substance (tnnitrobutyltoluene at 
I 03-2 06 X 10^ molecules per cu mm ) through one of the least effective (mtroben 
zene, 2 006 X 10^) to the most effective taste substance (qumme sulfate, 243 X 
lo'^) Nevertheless, the fact is mescapable that taste is on the whole less sensitive 
than olfaction 

4) The proposition that that which is smelled is usually not tasted and vice versa 
(in) IS even less apphcable to msects than it is to vertebrates While it is true 
that sugars and many morganic compounds (e g , salts) which stimulate msect 
gustatory receptors apparently fail to stimulate olfactory receptors, many organic 
compounds (viz alcohols, aldehydes, fatty aads, etc ) as solutions, stimulate oral 
and tarsal receptors (22, 42) and as gases stimulate olfactory receptors (24, 144) 
Two crucial e^erunents which would test this proposition have not been undertaken 
with msects and with vertebrates have yielded controversial results It is not known 
for msects whether solutions which stimulate gustatory receptors can, as solutions, 
stimulate olfactory receptors nor whether compounds which m the gas phase stunu 
late olfactory receptors can do so equally well m the hquid phase 

Kunze (90) and Marshall (97) have shown that the antennae of the honeybee can 
be stimulated both by ‘mild odors’ and by solutions of sucrose or certam other taste 
substances The antennae bear, however, innumerable sensiUa of several different 
types, and there is no proof that the same receptors are responding m each case 
Thus this carmot be construed as evidence to support a hypothesis that there is no 
ngid barrier between the concepts of gustation and olfaction 

Despite the madequacy of the foregomg cntena it must be concluded that there 
IS as much ground for separating taste and smell m insects as m vertebrates In 
terrestrial msects and those aquatic species which are adventitiously terrestrial there 
are clearly two categories of receptors involved The olfactory receptors react to 
very low concentrations of compounds which are volatile at ordmaiy temperatures, 
the gustatory receptors react to higher concentrations of hquids or solutions which 
may or may not be volatile at room temperature 

With regard to aquatic speaes the situation stands in need of clarification by ad- 
ditional experiment^ mquuy While it appears that two categones of receptors are 
mvolved here also, the experiments of different workers are contradictoiy m several 
unportant respects In each study, water beetles were conditioned to one of several 
compounds arbitrarily designated as odor substances (artificial musk, coumann, 
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heliotiopin and skatol) or to one of sev’eral taste-substances (sucrose, NaCl, HCl and 
qumme Iiydrodilonde) According to Schaller (125) Dyltsciis perceives odors under 
■water by means of the nine funicular segments of the antennae and by the tips of tbe 
manUary palpi Out of water the same compoimds stimulate as -vapors Taste 
substances, on the other hand, are perceived by the submerged beetle through the 
mamllary palpi, the labial palpi and the mside of the mouth Accordmg to Ritter 
(122) EydrotiS puxus bears olfactory receptors on the apices of the ma al la iy palpi 
only Sucrose, NaCl and qumme salts stimulate organs on the tips of the manUaiy 
palpi while stimulation by HCl is restricted to the labial palpi Bauer’s {9) results 
are m disagreement m that he faded to prevent responses to sugars, salts and bitter 
substances by remo-vmg the maxillaiy palpi of B ptceiis 

Localization of the sour taste on a different appendage from that bearmg the other 
taste organs, if mdeed true, casts further doubt on the ivisdom of attemptmg to 
distinguish taste from smell sokty on anatomical grounds Moreover, the condi- 
tions of all of the experiments ated above precluded the accurate control of concen- 
trations, hence, the cntenon of sensitivity cannot yet be apphed to the separation of 
taste and smell m aquatic speaes Furthermore, at least two of the ‘odors’ tested, 
heliotropm and coumarm, stimulate the gustatory as 17611 as the olfactoiy sense of 
man and in the case of the aquatic beetles may concei-vably have acted upon receptors 
other than olfactory 

Experiments with fishes ha-ve mdicated that water solutions of compounds which 
are taste substances for terrestrial -vertebrates act as taste substances for aquatic 
lertebrates also, while compounds which m aqueous solution are olfactory for fishes 
are olfactory for terrestrial animals (58, 59) K the results of Schaller, Ritter and 
Bauer can be reconciled one with the other, they constitute grounds for extendmg 
this parallel to msects 

Mlth -wirewoim larvae (dgrw/er spp ), which burrow m moist sod, the response 
to cheimcal stimulation is essentially like that of aquatic organisms There axe 
clearly two categones of stimulatmg compounds Low concentrations of aqueous 
solutions of several dibasic acids, ammo aads and amides ehat an orientation re- 
sponse Solutions of sugars, tnolem and animal protems m bi^ concentration ehat 
both an onentabon response and a bitmg response Neither group stimulates m the 
gas phase (136) The concentrations necessary to evoke a bitmg response are said 
to be comparable to those usually adequate for organa of taste whde effective con- 
centrations m the case of those compo-unds which ehat only an orientation response 
are of the order characteristic of olfactory stimulation For example, the actiioty 
(negatme loganthm of concentration) of aspartic aad is ii, that of tnolem, 2 Re- 
cent experiments (26) place the receptors on the antennae and galeae of the maxillae. 
The former are large sensdla basiconica, the latter, small sensiUa basiconica Stim- 
ulation of the maxillaiy organs by compounds of the second above-mentioned cate- 
goi> (e g , two per cent glucose) provokes both onentation and bitmg responses vdule 
stimulation by comjioimds of the first category (e g ,asparagme at icr^io~'mgm /L) 
pto\okes only an onentation response On the other hand, stimulation of the 
antennal organs either by two per centglucoseor io“^io“*mgm /Lasparagme pro- 
vokes only onentation It is difficult to mterpret these results m terms of taste and 
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smell, and the authors of the experiments scrupulously avoid doing so At best it 
can be pomted out that both categories of compounds stimulate both types of recep- 
tors, and that the animal may be able to distmguish between compounds of the two 
categories when they stimulate the maxillae but not when they stimulate the an 
tennae 

Solely for convenience of discussion, therefore, we shall consider the gustatory 
sense of terrestrial msects as that which is mediated by chemical stimuh acting as 
hquids or solutions at relatively high concentrations on contact and the olfactory 
sense as that mediated by chemical stimuh m a gaseous state at relatively low con 
centra tions 


COMMON CHF.MTCAI. SENSE 

It can no longer be doubted that insects possess a third category of chemoreceptors 
m addition to and distmct from olfactory and gustatory receptors Adequate stun 
uh are high concentrations of numerous so-called imtatmg compounds of idiich 
ammonia, chlorme and essential oils are examples (74) Early failure to recognize 
the existence of a common chemical sense was largely responsible for the contradictory 
results which for a century and a half stemmed from experiments designed to bcate 
the olfactory organs (cf , e g , 93, 94) 

It appears that several classes of compounds can stimulate both the olfactory and 
common chemical senses Insects which have been conditioned to weak odors of 
essential oils lose theur abihty to recognize these odors after the olfactory receptors 
are extirpated (51) but contmue to exhibit violent avoiding reactions if the concen- 
tration IS mcreased to maximal Mealworm beetles fail to respond to odors from 
food or the opposite sex if the antennae are amputated, but responses to the vapors 
of essential oils piersist Unilateral amputation results m circus movements toward 
the mtact side if normal odors are presented When the vapors of essential oils are 
used as stimuh, circus movements are away from the mtact side (137) In this 
coimection the observations of Weyrauch (143) concemmg the earwig 
idana L are mterestmg Food odors directed to the antennae of this msect eUated 
no response, but strong artificial odors did On the other hand, food odors evoked 
responses when directed to the maxillary palpi Following amputation of the palp* 
these responses ceased Weyrauch concluded that the maxillary palpi mediated 
jxisitive chemo taxis, the anteimae, negative chemo taxis 

Few quantitative experiments dealing with the common chemical sense have been 
recorded Dethier (38) demonstrated with Ptens larvae that the threshold of re- 
sponse to the odor of benzaldehyde is mcreased 17 times foUowmg removal of the 
olfactory receptors, however, no attempt was made to localize the sensitive region 

This much can be said with certamty regarding the common chemical sense For 
exatation, a high concentration of stimulus is required, and the response is always 
m the nature of an avnidmg reaction The receptors have not yet been located 

OLFACTORY SENSE 

Adequate stimuh for olfaction m terrestrial msects are the vapors of compounds 
which volatilize at physiological temperatures Literally thousands have been m- 
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vesbgated (d Dethier, 39), albeit under pressure of economic needs The be- 
havioristic aspects of olfaction have been adequately treated by Fraenkel and Gunn 
(50) and Dethier (39), but the physiology of olfaction has been less extensively 
studied 

I Receptors 

Olfactory receptors m msects are located chiefly on the antennae (96, 145) They 
are, m addition, commonly found on the manUary and labial palpi or their homo- 
logues These sites of action have been discovered throu^ observations of the 
abihty of msects from which one or more appendages have been extirpated to onent 
to food or sex odors or odors to which they have been conditioned In evaluatmg 
localization experiments of this sort it has been necessary to take mto consideration 
possible deleterious effects attendant upon destruction of stimulatory organs Some 
msects bear m the antennae such stimulatoiy organs (153) whose somewhat second- 
ary propnoreceptive function is to assist m the mamtenance of muscular tone and 
m the mitiation of muscle kmetics FoUowmg antennal amputation these msects 
fall mto a state of akmesis from whidb they are aroused only with difficulty (149) 
For many speaes there are no untoward effects foUowmg destruction of the vanous 
appendages 

In a few speaes the identity of the actual receptive surfaces mvolved has been 
determmed experimentally Previously function was ascribed on morphological 
grounds entirely Three basic types of receptors have now been identified pore 
plates (sensiUa placodea) (57), thm-walled cones and pegs (sensiUa basiconica, ii, 19, 
38, 41, 140, 141, 146), and thm-walled pegs or cones sunken m pits (sensilla coe- 
loconica, ii) 

In his classic experiments von Fnsch (57) tramed honeybees to associate food with 
the odor of an essential oil Bilateral amputation of the flagellar segments of the 
antennae did not impair this response as long as the proximal three-fourths of the 
fourth flagellar segment of one antenna remamed mtact A histological survty of 
the antennal sensilla revealed that the pore plates alone comaded m distribution 
with the physiological results Wamke (140) was able to demonstrate with dung 
beetles {peolrupes sylvaitcus and G wmoJu) that the areas of the antennae and palpi 
which were necessary for olfaction bore a profusion of sensilla basiconica peculiar 
to those areas Dethier (41) showed that speaes of Necropkortts and Stlpha were 
able to orient from distances to decomposmg flesh as long as a small fraction of one 
antennal lamella remamed mtact Agam this bore a type of sensillum basiconicum 
not found elsevbere With lepidopterous larvae he demonstrated that the antennae 
bore olfactory receptors and that of the four types of sensilla present the sensilla 
campaniformia were propnoceptive, the sensilla tnchodea tactile and the sensiUa 
basiconica olfactory Wigglesworth (146) proved that the louse Pedtctdus humanus 
coTports de Geer loses its abihty to respond to odor when the sensilla basiconica of the 
antennae are covered with ceUulose pamt, but that removal of the pamt restores 
olfactory perception Begg and Hogben (n) compared the olfactory responses of 
wild type Drosophila mdanogasier with those of the mutants antennaless (Ao) and 
anslapedta (ss.) Anlennaless fails to respond to odors which normaUy lead the 
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flies to food, and artslapedta responds less strongly than do normal flies A com 
panson of the antennae of the two forms (wild type and ssn) indicated that either the 
sensiUa basiconica or sensiUa coeloconica or both are olfactory receptors Bolwig 
(19) has proved that amputation of the dorsal papillae of the cephahc lobes of housefly 
larvae completely destroys the olfactory sense These papillae are forms of sensilla 
basiconica 

All of these olfactory receptors possess m common a cuticular coveting which is 
completely or partially thm-waUed, innervation by a group of bipolar sense cells, 
and mmute refnngent bodies (Riechstabchen) situated on the distal processes of the 
neurones (128) Nothmg is known concemmg the chemical or physical properties 
of the cuticle surmountmg these receptors 

2 Acuity 

Attempts have been made to assay the acuity of the olfactory sense and its powers 
of discn mm ation by detenrunmg threshold values Such values are empirical mas 
much as it has been impossible thus far to dete rmin e the absolute threshold This 
may be defined as the lowest concentration necessary to exate the most sensitive 
receptor element As molecular concentration exceeds this amount a pomt is at 
tamed which may be termed the threshold of response There is httle doubt that 
this mcludes an expression of central nervous system phenomena Whether it ex 
presses itself mitially as acceptance or rejection is predetemuned by the genetic 
constitution of the animal as well as by its physiological state It may be altered 
experimentally by such factors as preimagmal conditionmg (134) If the threshold 
of response is manifested as a true rejection, the compound is rejected throughout 
the entue suprahmmal range Smce the response frequently becomes more violent 
as the concentration m mcreased, it suggests that a different group of receptors, 
those of the common chenucal sense, for example, may become mvolved If a com 
pound IS mitially accepted, it may become more attractive as the concentration is 
mcreased until an optimum is attamed Beyond this pomt attractiveness decreases 
with mcreased concentration till the nature of the response is completely reversed 
Agam it IS probable that either a different set of receptors becomes mvolved or there 
is an mcrease m the frequency of impulses discharged by the receptors mitially 
stimulated For every attractant thus far tested there has been found a concentra 
tion m excess of which the substance is rejected This has been illustrated by 
Dethier’s analysis of data from Reed (121) for Drosophila, Folsom (48) for the Mex- 
ican boll weevil and 'Wietmg and Hoskms (144) for the housefly 

Thresholds of resjxmse have been detennmed for a few odorous compounds with 
a small group of msect speaes These values are given m the accompanying table i 
It IS obvious that the olfactoiy acuity of msects and vertebrates cannot be compared 
on the basis of available data On the strength of an msect’s abihty to onent to 
food, host, mate or nest by means of odors unperceptible to man, it is generally con- 
ceded that the msect sense has a vastly lower threshold On the other hand, von 
Fnsch (56) has demonstrated that the mmimum perceptible odor of many essential 
oils is of the same order of magnitude for the honeybee and man His expenments 
were based upon observaUons of the responses of conditioned bees to the odor of 
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vanous dilutions (in paraffin oil) of a test compound (essential oils) They were thus 
semiquantitative at most masmuch as the concentration in terms of "weight per unit 
volume of gas was unknown Conditionmg as a technique appears to be legitimate 
m that thresholds so detemimed depend m no wise upon the concentration to which 
the msect is conditioned (56) 

All of the olfactory organs of msects are not equally acute In general the thresh- 
olds for antennal organs are probably lower because many speaes can respond to 
distant sources of odor only so long as the antennae are mtact At the same time 
the abihty to respond to stronger odors or those near at hand is not impaired as long 
as the palpi are mtact (41, 51, 64, 140) Measurements of the threshold of^esponse 
of larvae of the cabbage butterfly {Pans rapae) for benzaldehyde before and after 
amputation of either the antennae or maxillae also suggest dual sensitivity (38) 
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Dethier (38) 


Before antennectomy or maxiUectomy the threshold is o 058 mgm /L No change 
foUows maxiUectomy, foUowmg antennectomy the threshold is o 077 mgm /L Fol- 
bwmg combmed antennectomy and maxiUectomy the threshold rises to one mgm /L 
This may represent a threshold of the common chermcal sense 

3 Factors Infltancmg Threshold of Response 

Any values obtamed by an experimental method which utilizes some compionent 
of behavior to signal stimulation are subject to at least the same factors of variation 
as IS the behavior itself Such variations m behavior are discussed at some length 
by Fraenkel and Gunn (50) It is to be expected, then, that olfactory thresholds of 
response may be profoundly mfiuenced by vanous environmental and mtemal ph}^ 
lological factors Among the former are temperature and humidity 

Nearly aU mvestigators workmg with olfactometers have found temperature and 
humidity control necessary In most of the apparatuses response depended upon 
locomotion and orientation Alterations of response were then traceable to the 
effects of temperature and humidity on the overall activity of the animak This 
condition may also apply to feedmg responses for which optimum temperatures and 
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humidities have been observed (2) Because of the relation between food and odors 
It IS to be expected that responses to the latter may be altered m the same manner 
by the same variables No evidence has been forthcommg to mdicate that absolute 
thresholds m msects are affected by these factors, although for ttuiti it has been re- 
ported (152) that odor perception is more acute at low humidities than at high 

Internal physiological states whidi may affect thresholds of response are age, sex, 
state of nutrition and conditionmg 

Records of age effects are few Schwarz (127) has suggested, but not proved, that 
olfactory acmty decreases with the onset of senihty He offers this as an explanation 
of the fact that old mdmduals of certam moths frequently oviposit on plants unac- 
ceptable to the larvae Bolwig (19) ates experiments to mdicate that fly larvae m 
the first mstar are less responsive to olfactory stimulation by normal food odors than 
are older larvae He warns that the lack of response may be an artifact ansmg from 
the technique employed He did prove, however, that housefly larvae suddenly 
change their behavior toward ammonia and other normally attractive substances 
three and one-half days after the second molt At this time the larvae cease feeding, 
and the lateral portions of the rmg gland undergo accelerated growth If the ring 
gland IS extirpated, feedmg does not cease and pupation never occurs Expenmoits 
m which the rmg gland was removed and which were designed to mdicate whether 
or not there existed a relation between the hormone and olfactory response were, 
imfortunately, mconclusive 

Effects which are associated m time with gonad devebpment are observed also 
m the behavior of the parasite (Ptmpla ruficollts) of the pme shoot moth {Rhyaaomu 
biwhana Schijf) toward essential oils found m its normal habitat (135) Emerging 
from its host long before the next generation of host larvae is available for oviposition, 
the parasite forsakes pme trees for Umbelhferae upon which it then commences to 
feed At this time its ovaries are small, and oil of Ptmts sylveslns is repellent. 
lAter m the third or fourth week of hfe the ovaries enlarge, oil of pme becomes at- 
tractive and the females return to pme where hosts are now available 

The mfluence of sex upon thresholds of response is most evident m species where 
feedmg habits are markedly different, e g , speaes of mosquitoes of which the males 
feed on plant juices and the females on blood, but exact measurements of differences 
have been made only with Drosophila and houseflies For the former, Reed (121) 
found that females exhibited a maximum response to ethanol and acetic acid at con- 
centrations of 10 to IS per cent and 04 per cent, respectively, while the maximum 
reqionses of males occurred at five per cent and o a per cent, respectively It tvas 
demonstrated m addition that these values represented differences m response to 
odor and not merely differences m activity Wietmg and Hoskms (144) found that 
female houseflies were more strongly attracted than males to ammonia, while the 
reverse was true with respect to ethanol 

Marked effects of nutritional states upon olfactory thresholds have not yet been 
demonstrated 

Conditionmg, natural or experimental, may alter the threshold even to the pomt 
of reversmg the sign of the response Thus m some speaes, substances which nor- 
mally ehat a rejection may be made to provoke acceptance By preimagmal con- 
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ditiomng Thorpe (134) has produced Drosophila adults which respond positively to 
the odor of peppermint Crombie (25) has changed the response of blowflies to 
menthol from negative to positive In every case, however, the diange is of a tran- 
sient nature lastmg for a few days onty Moreover, there are limits to the changes 
which can be evoked Thou^ an insect may be conditioned to accept a normally 
repellent material, this conditionmg does not survive if the concentration is too 
greatly mcreased In the case of certam compounds conditionmg is impossible. 
Von Fnsch (56) could not condition bees to Ij'sol, skatol and other compounds of 
of this type 

Although there are no very conclusive experiments provmg adaptation to odors, a 
few suggestive observations have been recorded Strebel (131) stated that CoUem- 
bola exposed to stimulatmg odors became much less exated, as mdicated by move- 
ments of the antennae and by general behavior, after bemg exposed to the same 
odor for some period of time Wigglesworth (146) reported that the human louse 
shows adaptation m a constant field of stimulation This conclusion is based upon 
observations of onentation m an odor gradienL If an animal should contmue to 
proceed m a straight Ime m a favorable zone and followed a sharply convoluted course 
upon entenng an adverse zone, it would become trapped m the unfavorable region 
Actually, as a result of gradual adaptation, it makes mcreasmgly long excursions 
before tummg and finally goes straight On reachmg a favorable zone it contmues 
to go straight On the other hand, Wietmg and Hoskms reported that the response 
of houseflies to an attractive concentration of NHj did not vary over a ao-mmute 
penod of constant exposure 

Finally thresholds of response may be altered if the animal is placed m a compound 
field of exatation mvolvmg antagonistic s timuli (25, 66) Ltfcilta exposed to hght 
and the repellent odor of menthol illustrate this pomt, Crombie (25) placed flies m 
an olfactometer so constructed as to offer only two alternatives The insects could 
travel toward hght to which they are negatively phototactic m order to escape from 
the odor of menthol or toward the menthol m order to escape from the h^t. At 
o 095 meter-candles 79 per cent of the flies were repelled by an air stream saturated 
with menthol, at o 64 meter-candles, 74 per cent, at 2 58 meter-candles, 73 per cent, 
at 9 15 meter-candles, 69 j>er cent 

4 ReJaiton Between Physiological Action and Chemical Structure 

Most mquines mto the relation between stimulatmg effectiveness and flipmirat 
structure have assumed the form of field tests designed primarily to study attractance 
and repellence These procedures mtroduced necessarily large experimental error 
m that many variables were beyond control Not the least of these is the frequent 
occurrence of highly specific attractants However, where field data ran be trans- 
lated mto terms of acceptance and rejection thresholds, some mterpretation of 
chemical and pfijaiological mterrelationships is possible Such is true of the work 
of Cook (24) 

In a study designed to ascertam the relation of physical properties of parafldn 
derivatives to the dilution most attractive to flies. Cook tested aliphatic alcohols 
from methyl to amyl and esters from acetates to valerates To each of several small 
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humidities have been observed (2) Because of the relation between food and odors 
It IS to be expected that resp>onses to the latter may be altered m the same manner 
by the same variables No evidence has been forthcommg to mdicate that absolute 
thresholds m msects are affected by these factors, although for man it has been re- 
ported (152) that odor perception is more acute at low humidities than at high 

Internal physiological states which may affect thresholds of response are age, sei, 
state of nutation and conditionmg 

Records of age effects are few Schwarz (127) has suggested, but not proved, that 
olfactory acuity decreases with the onset of senihty He offers this as an explanation 
of the fact that old mdmduals of certam moths frequently oviposit on plants unac 
ceptable to the larvae Bolwig (19) cites experiments to mdicate that fly larvae m 
the first mstar are less responsive to olfactory stimulation by normal food odors than 
are older larvae He warns that the lack of response may be an artifact ansmg from 
the technique employed He did prove, however, that housefly larvae suddenly 
change their behavior toward ammonia and other normally attractive substances 
three and one-half days after the second molt At this time the larvae cease feedmg, 
and the lateral portions of the rmg gland undergo accelerated growth If the nng 
gland IS extirpated, feeding does not cease and pupation never occurs Experiments 
m which the nng gland was removed and which were designed to mdicate whether 
or not there existed a relation between the hormone and olfactory response were, 
unfortunately, m conclusive 

Effects which are associated m time with gonad development are observed also 
m the behavior of the parasite (Ptmpla ruficolhs) of the pme shoot moth {RJiyacwnta 
bitohana Schvff ) toward essential oils foimd m its normal habitat (135) Emergmg 
from Its host long before the next generation of host larvae is available for oviposihon, 
the parasite forsakes pme trees for Umbelhferae upon which it then commences to 
feed At this time its ovanes are small, and oil of P»nj« sylveslns is repellent 
Later m the third or fourth week of hfe the ovanes enlarge, oil of pme becomes at 
tractive and the females return to pme where hosts are now available 

The influence of sex upon thresholds of response is most evident m species where 
feedmg habits are markedly different, e g , speaes of mosquitoes of which the males 
feed on plant juices and the females on blood, but exact measurements of differences 
have been made only with Drosophila and houseflies For the former, Reed (121) 
found that females exhibited a maximum response to ethanol and acetic aad at con- 
centrations of 10 to 15 per cent and per cent, respectively, while the maxunum 
responses of males occurred at five per cent and o 2 per cent, respectively It was 
demonstrated m addition that these values represented differences m response to 
odor and not merely differences m acfavity Wietmg and Hoskms (144) found that 
female houseflies were more strongly attracted than males to ammonia, while the 
reverse was true with respect to ethanoL 

Marked effects of nutritional states upon olfactory thresholds have not yet been 
demonstrated 

CondiUonmg, natural or expenmental, may alter the threshold even to the point 
of reversmg the sign of the response Thus m some species, substances which nor- 
mally ehat a rejection may be made to provoke acceptance By preimaginal con- 
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Bunker and Hirschfelder (20), using mosquitoes, attempted to relate repellency to 
chemical structure but realized that the field technique employed mtroduced enor- 
mousfy high experimental error Certam tendenaes were suggested by the data 
Ketones (e g , acetophenone) appeared more stunulatmg than phenol esters (anisol) 
and than alcohols (camphor vs bomeol) 

Studies of fly repellents (109) mdicate that as a rule esters are more stunulatmg 
than their alcohols This is to be expected m terms of boihng pomt, solubihty, 
cham length and other physical properties 

S Humtdtly 

Whether or not responses to water vapor may be correctly characterized as chemo- 
reception rests m the final analysis upon a fuller understandmg of humiditj'' reactions 
than IS now enjoyed Many aspects of hygrostimulation are so stnkmgly remmis- 
cent of olfaction that water vapor cannot be denied the rdle of a chemical stimulus 
solely on the basis of its omnipresence m the environment 
The responses of msects to humidity may take the form of orientation to water 
vapor from a distance (80, 86, 87), proboscis responses to water vapor near at hand 
(86, 90, 138) and avoidance of regions of high or low humidities with consequent ag- 
gregation m a zone of preferred humidity The response is frequently determined 
by the state of water balance of the msect For example, the roach Blaila onentalts 
normalty- exhibits a preference for dner regions, but desiccation may reverse the reac- 
tion so that the animals become hygropositive (68) The behavior of the beetle 
• Phmts leclus Boie is dependent m a large measure on the degree to which HjO is lost 
Wet msects aggregate m a dry region until they become desiccated, whereupon the 
response is reversed (13) This is especially true of mosquitoes (133) 

Only aggregation responses have been studied m great detail Experiments 
usually mvolved observations of the reactions of msects placed m some type of nng 
gradient or alternative humidity chamber (69) In these arenas msects may show 
an mtense response Wireworm lan'ae, for example, entenng a dry area, stop, move 
the head, manipulate the appendages, then retreat Blood-fed female mosquitoes 
[Ctihx faltgatis) show an equally decisive avoidmg reaction when flymg mto an area 
of high humidity In general, onentation mvolves klmo-kmesis, klmo-taxis, and 
ortho-kmesis (50, 6g) No tropo-taxis or circus movements occur (50, 70) 

With the African migratory locust (Lociista migraiorta imgratorundes R and F ), 
which 'prefers' dry nucrochmates, the mtensity of reaction to a humidity gradient 
as measured by the excess percentage ratio is related to the steepness of the gradient 
(85) Wfith the mosquito Culex faligans, which avoids high humiditaes (133), the 
mealworm beetle Tenehno mohlor, which avoids high humidities (117) and the wire- 
worms Agrtoles obsairtis L and A hnealm L , which avoid low humidities (91), the 
mtensity of reaction is related to the value of the highest humidity The reaction 
of Pimm leclus, which avoids hi^ humidities, is most mtense at low humidities 
The discnmmation factor vanes m the same way Culex distmguishes differences 
of one per cent RH near saturation while between RH 30 and 85 a difference of 50 
per cent is necessary before it is appreciated (133) In general, the louse also shows 
greater sensitivity withm the higher ranges of humidity (r46) Wireworms can 
detect the difference between roo per cent and 95 5 per cent RH Lees (gi) sug- 
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flytraps he added a basic bait consisting of 25 ml of 10 per cent molasses plus an 
aliquot of the alcohol or ester solution to be tested The number of flies caught m 
each trap was taken as a measure of the attractiveness of the particular concentration 
contamed therem In this manner the optimum concentration of each compound 
was determmed It is a rough measure of the modal acceptance threshold 
Withm each senes of homologous compounds tested it was found that the accept 
ance threshold decreases with mcreased boihng pomt A remarkably close correla 
tion was observed A loganthnuc plot of concentration and boihng pomt gives a 
straight hne for which the approximate equation is log opt cone = 13 78 — 7 i 
log B P A comparable relationship exists between concentration and any property 
of the compiounds which can be related thermodynamically to boihng pomL 
The relation between stimulatmg effectiveness and chemical propfirhes can be 
exarmned m still another fashion Instead of comparing the relative effiaenaes of a 
homologous senes by determming separately for each the most attractive concentra 
tion, the vanous compounds may be tested simultaneously m competition at optimum 
concentration Smee most of the compounds exhibit some repellence, the number 
of flies attracted is also a measure of the repellency When the stimulative efficiency 
of each compound is expressed as the reaprocal of the number of flies trapped, the 
same general correspiondence with bodmg pomt as expressed above is observed 
Increasmg the cham length m a homologous senes of ahphatic alcohols or esters 
bnngs about mcreased stimulative efficiency This was first stated by Speyer (129) 
The addition of successive CHj groups to the acid side of the ester molecule results 
m a more pronounced and a more uniform mcrease m stimulative efficiency than when 
the additions are made to the alcohol portion of the molecule This observabon is 
borne out to a degree by similar studies of the codhng moth by Eyer and Medler (46) 
Although m this case the addition of CHj groups to the acid portion of the molecule 
results m greater changes m physiological activity than similar additions to the al 
cohol side, the curve for the latter shows markedly fewer irregulanties It must be 
concluded that more exact experiments with the esters are required before any 
generalizations can be extended beyond the sunple statement that stimulative 
effiaency is proportional to cham length, molecular weight and boihng pomt and 
mversely proportional to water solubibty 

Several sets of the esters studied are isomenc Cook stated that generally the 
isomer with the lowest aad radical attracts the greatest number of flies In this 
senes of experiments, however, there is extreme vanation, and further experimenta- 
tion IS dearly mdicated before data can be correlated Especially is this tme of those 
senes where boihng pomts and solubihties of compounds with the same empincal 
formulae are very nearly identical Differences between normal and iso compounds 
are more consistent The normal compound possesses the greater stimulate e 
efficiency as would be expected from its higher boihng pomt 

Many field experiments do not lend themselves to analyses such as the foregomg 
The relative effectiveness of different members of homologous senes can be deter- 
mmed only when the compounds are tested at comparable concentrations Peter- 
son’s data (114), which mdicate that saturated alcohols are attractive to onion maggot 
flies m the order iso-propjl, ethyl, butyl, amyl and methyl cannot be evaluated be- 
cause the compounds were compared at concentrations which were not optimum 



April IB48 


CHEMORECEPTION IN INSECTS 


231 


Bunker and iErschfelder (20), using mosquitoes, attempted to relate repellency to 
chemical structure but realized that the field technique employed mtroduced enor- 
mously high experimental error Certam tendencies were suggested by the data 
Ketones (e g , acetophenone) appeared more stmiulatmg than phenol esters (anisol) 
and than alcohols (camphor vs bomeol) 

Studies of fly repellents (109) mdicate that as a rule esters are more stimulatmg 
than their alcohols This is to be expected in terms of boilmg point, solubihty, 
cham length and other physical properties 

S Humidity 

Whether or not responses to water vapor may be correctly characterized as chemo- 
recepbon rests m the final analysis upon a fuller understandmg of humiditj’- reactions 
than IS now enjoyed Many aspects of hygrostimulation are so strikmgly remmis- 
cent of olfaction that water vapor cannot be denied the rble of a chemical stimulus 
solely on the basis of its omnipresence m the environment 
The re^onses of insects to humidity may take the form of onentation to water 
vapor from a distance (80, 86, 87), proboscis responses to water vapor near at hand 
(86, 90, 138) and avoidance of regions of high or bw humidities with consequent ag- 
gregation m a zone of preferred humidity The response is frequently detenmned 
by the state of water balance of the msect For example, the roach Blaila ontnialts 
normally exhibits a preference for dner regions, but desiccation may reveisc the reac- 
tion so that the animals become hygropositive (68) The behavior of the beetle 
• Ptinus tectus Boie is dependent m a large measure on the degree to which HjO is bst 
Wet insects aggregate m a dry region until they become desiccated, whereupon the 
response is reversed (13) This is especially true of mosquitoes (133) 

Only aggregation responses have been studied m great detaiL Experiments 
usually mvolved obsen^ations of the reactions of msects placed m some type of rmg 
gradient or alternative hurmdity chamber (69) In these arenas msects may show 
an mtense response W^'iieworm larvae, for example, entering a dry area, stop, move 
the head, manipulate the appendages, then retreat Blood-fed female mosquitoes 
[Crdex faitgans) show an equally decisive avoiding reaction when flymg mto an area 
of high humidity In general, onentation mvolves klmo-kmesis, Lhno-taxis, and 
ortho-kmesis (50, 69) No tropo-taxis or circus movements occur (50, 70) 

With the Afncan migratory locust {Locusta migratorui mtgralonotdes R and F ), 
which 'prefers’ dry micwdimates, the mtensity of reaction to a humidity gradient 
as measured by the excess percentage ratio is related to the steepness of the gradient 
(85) With the mosquito Culex fattgans, which avoids high humidities (133), the 
mealworm beetle Tenebno molitor, which avoids high humidities (117) and the wire- 
worms Agnates obscttrus L and A hneatus L , which a\oid low humidities (91), the 
mtensity of reaction is related to the value of the highest humidity The reaction 
of Plums tectus, which avoids high humidities, is most mtense at low humidities 
The discnmination factor vanes m the same way Culex distmguishes difierences 
of one per cent RH near saturation while between RH 30 and 85 a difference of 50 
per cent is necessary before it is appreciated (133) In general, the buse also shows 
greater sensitivity within the higher ranges of humidity (146) Wirewonns can 
detect the difference between roo per cent and 95 5 per cent RH. Lees (pr) sug- 
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gested that the failure of reaction is due to an elimination of an integral part of the 
orientation mecha ni s m under unfavorable physiological conditions rather than any 
real ‘mdifference’ to humidity as such 

With all qieaes studied the mtensity of reaction to a given RH at different tempera- 
tures has been mvestigated In this manner it has been found that the reactions of 
Ctdex and Tenebno are more m accord with relative humidity than with saturation 
defiaenaes With wireworms, on the contrary, the mtensity of reaction is more m 
accord with saturation defiaenaes 

The behavior of species m the first category suggests that the sense organs are 
reactmg as hygrometers to relative himudity The reactions of wireworms suggest 
receptors of an evaponmeter type m that the mtensity of reaction is dependent upon 
evaporation from some site on the body (91) This appears to be true also with the 
terrestrial isopmd Ontscus aselhts (139) In neither case, however, is the mode of 
action definitely imderstood If receptors sensitive to RH are to act as hygrometers, 
the hygroscopic properties of the receptors determme their recordmg characteristics 
Pielou found that curves relatmg RH to the hygroscopic properties of Tenebno 
cuticle closely parallel curves relatmg RH to mtensity of reaction As he questioned, 
however, how can a receptor of this sort be affected more by the RH of the external 
environment than by that of the body fluids bathmg its mtemal surface? 

Vanous hypotheses have been advanced m an attempt to explam the mode of 
action of the evaponmeters Pielou (116) postulated that evaporation could act 
by a) producmg quantitative changes of chemical concentration, changes m osmotic 
pressure or medianical stress, or b) by lowenng the temperature, thus exatmg heat 
receptors Waloff (139) also suggested a concentration of body fluids to mihate 
reaction and as an alternative, secondary propnoception Lees beheved that the 
rapidity of reaction suggested local changes m osmotic pressure which might stnnu 
late nerves directly But none of these hypotheses is wholly satisfactory Nor has 
positive identification of the receptors m some species illummated the problem 

Humidity responses by Tenebrto are completely abolished when the antennae are 
amputated or covered with an impervious material (116) Two types of receptors 
are mvolved, pegs and pits The former are confined to the distal seven segments 
The latter are located on all segments except the termmal one Removal of the 
termmal segments is followed by a decrease m the mtensity of response, hence the 
peg organs are concerned m hygrostimulation That they are not the sole receptors 
IS proved when all seven segments beanng pegs are extirpated The animals still 
respond If eight pairs of segments are removed, response is abolished although the 
remammg segments bear pit sensilla It has been shown by asymmetrical amputa 
tion that a threshold number of pit sensiUa is necessary An animal with the basal 
three pairs of segments (beanng pits only) mtact does not respond to humidity 
changes When a smgle segment on one antenna and five (two of which bear pegs) 
on the other are left mtact, there is an ii per cent response This mdicates that the 
pegs are humidity receptors but does not ehmmate the pits smce an animal thus 
treated bears both pits and pegs When three segments are left mtact on one an- 
tenna and five on the other, there is a 20 per cent response The only difference 
between the two preparaUons is the greater number of pit sensilla, hence the con- 
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clusioa that a greater number of pit sensiha is required The peg receptors are also 
suspected of subserving the olfactoiy sense (137) 

The humidity responses of wireivorm larvae are abolished by the combmed removal 
of antennae, maxillary palpi and labial palpi No particular receptors have been 
incriminated and it has been concluded that responses are mediated by evaporation 
through these areas (91) 

Whgglesworth (146) proved that the humidity receptors of the human louse are 
distinct from the olfactory receptors Both are borne on the antennae The former 
are tuft organs each of which consists of a mmute cone bearmg at its apex four tmy 
delicate hairs The sensiUum is innervated, like typical chemoreceptors, by a group 
of bipolar sense cells 

6 Modaltiies atid Discnminalion 

Efforts to reduce the olfactory sensations of man to some system anabgous to 
concqitions of taste modahties have been notably unsuccessfuL It is hardly sur- 
pnsmg, therefore, that few mqumes have been directed toward this aspect of chemo- 
recqibon m msects 

Under the circumstances httle more can be done than to study the reactions of 
insects to those odors which provoke distmchve sensations m man This approach 
has been foUowed m a study of the reactions of honeybees to the odors of 47 essential 
oils and component compoimds (56) Bees were tramed to one odor agamst several 
empty odorless contamers servmg as controk This odor was then exposed m the 
company of others and the frequency of visits to each recorded 
Of the 47 substances tested mitiaUy, three, m addition to the trammg odor were 
highly attracbve Each was an essential oil distilled from a atrus fruit and as such 
contamed a motley array of chermcak Common to all was hmonene so that each 
emanated a similar odor A tabulabon of the number of visits to each mdicated 
that this similanty of odor exists for bees also Tests m which the four were expiosed 
simultaneously mdicated, however, that they were not mdistmguishable Compan- 
sons of pans of pure compounds showed that for the bee as well as man compounds 
with sunilar odors but different chemical structure were confused as one, while com- 
pounds with nearly identical structure but qmte distmctive odors were easdy dis- 
tmguished Of the first type nitrobenzene was tested with benzaldehyde and methyl 
ester of anthranihc aad with beta naphthol methyl ether Counts of bees mdicated 
that while the odors may have been very similar they were not completely mdis- 
tinguishable Man experiences like sensations 
If the olfactoiy sense of honeybees reflects similarities with that of man, it is to 
be expected that compounds with sunilar structure even to the pomt of stereoisomer- 
ism would evoke different sensations This has been one of the obstacles to all at- 
tempts to relate smell to chemical structure Thus withm each of the followmg 
pairs the two members are clearly distmguishable by bee and man ahke amyl ace- 
tate and methyl heptenone, bromstyrol and phenylacetaldehyae, isobutyl benzoate 
and sahcyhc acid amyl ester, para-cresol methyl ether and meta-cresol methyl ether 
It appears very likely, therefore, that whatever the mechanism of olfactory stimula- 
tion m bees, it resembles remarkably closely that of man 
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Numerous theones which attempt to expkm the nature of olfactory stimulation 
have been proposed and are reviewed briefly by Moncneff (io8) Recently Bed 
and Miles (loA, gSA) have advanced an mfrared theory of olfaction, but complete 
details of their experiments have not yet been published 

COOTACT CHEMORECEPTION 
I Eiid Organs of Cotiiaci Cliemoreceplton 

Contact chemoreception is treated below as a sense distmct from oflacbon and the 
common chemical sense although m the present state of our knowledge, as pointed 
out above, we lack wholly satisfactory cntena for separatmg it from the former in 
the case of certam aquatic and subterranean msects Localization of receptors and 
greater sensitivity afford a reasonable basis for distmguishmg contact chemorecep- 
tion from general reactions to irritants Funcbonally, contact chemorecepbon as 
here hrmted is concerned pnnapaUy and immediately with the acts of feedmg and 
oviposibon, and doubtless plays a rdle, often largely negative, m the choice of resting 
places 

Demonstrated loa of the receptors mdude a) the antennae of bees (52, 84, 90, 
97, 107) and of ants (126), b) the moulhparis or adjacent surfaces of the preoral 
cavity m many speaes (9, 32-37, 47, 49, 52-55, 60-63, 76, 86, 90, 98, 102, 106, 122, 
125, 131, 138, 150), c) the distal segments of the legs m bees (52, 90, 97, 107), m 
flies (i, 8, 22, 27, 31-35, 42, 51. 55 . 76, 79 . 86, 102, 105), and m adult Lepidoptera 
(5, 99-101, 142), and d) the ovtposiior of certain ichneumonids and braconids (4°). 
and of Gryllifs 

Verlame (138) contended that the tarsal response of adult Lepidoptera is a reac 
bon to humidity, viscosity and mechanical stimulabon, dependent partly on associa 
bve memory, while Meindoo (95) ascribed reactions mediated by the tarsi of calk 
phond flies to a combmabon of olfactory and mechanical stimuh these news do not 
accord with the findmgs of the great majority of workers who have studied the tarsal 
chemical sense 

Phylogenebcally it is of mterest that ambulatory appendages have been identified 
as the seat of contact chemoreceptors m several other classes of aquatic and terrestrial 
arthropods (6, 12, 18, 78, 83, 92, 113), and m this conneebon it may also be pomted 
out that of the other loci demonstrated m msects, at least the mouthparts and the 
gonopods are presumed to have been derived from ancestral walkmg legs (128) 

In most cases the nature of the actual receptors m msects is uncertam Either 
the appendages, such as the antennae of bees, have a vanety of end organs and sub 
serve a vanety of functions (tactile, olfactoiy, gustatory, hygro receptive, thermore- 
cepbve), so that attempts to match structure and specific function have been unsuc- 
cessful, or the regions concerned m contact chemoreception lack easily recognized 
end organs to which a chemorecepbve funebon could confidently be assigned How- 
e\er, Mmnich (103, 106) reported that he had succeeded m stimulabng mdi\udually 
some of the long curved hairs on the aboral surface of the oral sucker of Phormia 
and Cdlliphora by duect contact with i M sucrose In the earlier paper he said that 
“stimulation of the bp of a smgle hair may be sufficient for the response ” This 
statement has been quesboned by Fnngs and O’Neal (55), who quote Minnich’s 
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later assertion that he moistened with sugar solution “all the hairs, margmal as well 
as central,” and who therefore conclude that his experiment could not differentiate 
between the labellar setae and the numerous shorter hairs which he among them. 
This later statement was not mtended by Mmnich to refer to experiments on the 
localization of receptors (personal commumcation) In their own exammation of 
Tabanm, Frmgs and O’Neal were unable to obtam a response when only the longer 
marginal setae were moistened but found that contact of sugar solution with the tips 
of the thm-walled medium-sized hairs clothmg the labella and lymg among the longer 
hairs caused extension of the proboscis Whether other types of sensilla present on 
the labella also may act as organs of taste could not be determmed Smiilarly, 
Frmgs and O’Neal showed that chemoreception by the legs of Tabanus is mediated 
either by medium-sized thm-walled hairs scattered among the long hairs which clothe 
the tarsus thickly, or by imdiscovered organs on the mtegument beneath these hairs 
The sensitive areas were the ventral surface of the distal half or two-thirds of the 
proximal tarsal segment and of the four more distal segments, the longer setae on 
these regions were msensitive Dethier (36) observed that longer and shorter thm- 
walled spmes are the only types of end organ common to the epipharyngeal and 
hj’popharyngeal surfaces of the preoral cavity m larval Lepidoptera, and smce these 
were the only areas which yielded a response to contact chemical stimulation he 
concluded that one or both types are among the specific receptors mvolved 
The above mstances are the only ones known to the reviewers m which the effort 
to verify by direct experiment the gustatory nature of presumptive end organs has 
been even partially successful, and it is clear, as others have pomted out, that assign- 
ment of function on a moiphological basis only, without experimental support, tends 
merely to obscure the situation For this reason we are makmg no attempt at this 
tune to remterpret that rather extensive hterature descnptive of the vaned types of 
sensilla that are to be found on regions thought or known to be chemoreceptive on 
contact The ‘olfactory pores’ (sensiUa campianiformia) of Mclndoo are now gener- 
ally recognized as organs of propnoception (118, 119, 123, 124, 145), so that their 
presence on the tarsal segments of Luctha and Calhphora (95) is probably beside the 
pomt. Eltrmgham (45) found on the tarsus of Pyramets thm-walled hairs with 
multiple mnervation, presumably these are the end organs of the function first 
m^'estlgated by Mmnich (99), but the critical experiments which would prove that 
they rather than other undiscovered organs are the ones which respond to solutions 
ha\'e not been done. Blayes and Liu (77) have described from the tarsi of the house- 
fly long, thm-waUed setae, with a distmct jomt at the base and with an mnervation 
consistmg of groups of spmdle-shaped bipolar sensory cells, their inference that these 
are the end organs of contact chemoreception, though probably correct, is unsup- 
ported by expienmental evidence other than observations (31-35) that Miisca 
possesses a well-defined tarsal rhemiral sense 
Thus a major shortcommg of much of the work to date on contact chemoreception 
m msects has been the failure to identify positively the spiecific receptors mvolved 
Smce It IS obvious that any attempt to comprehend the mechanisms concerned must 
take mto accoimt not only the characteristics of the stimulatory substances but also 
those of the receptors with which they mteract, it is clear that progress m this field 
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Numerous theones which attempt to explam the nature of olfactoiy stunulation 
have been proposed and are reviewed briefly by Moncneff (io8) Recently Bed 
and Miles (loA, 98A) have advanced an mfrared theory of olfaction, but complete 
details of their experiments have not yet been pubhshed 

CONTACT CHEMORECEPTION 
I Etid Organs of Contact Chemoreoepiton 

Contact chemoreception is treated below as a sense distinct from olfaction and the 
common chemical sense although m the present state of our knowledge, as pomted 
out above, we lack wholly satisfactory cntena for separating it from the former in 
the case of certam acpiatic and subterranean insects Localization of receptors and 
greater sensitivity afford a reasonable basis for distmguislimg contact chemorecep- 
tion from general reactions to untants Functionally, contact chemorecepbon as 
here limited is concerned prmcipaUy and immediately with the acts of feedmg and 
oviposition, and doubtless plays a rdle, often largely negative, m the choice of resting 
places 

Demonstrated loci of the receptors mclude a) the antennae of bees (52, 84, 90, 
97, 107) and of ants (126), b) the mouthparts or adjacent surfaces of the preoral 
cavity m many speaes (9, 32-37, 47, 49, 52-55, 60-63, 76, 86, 90, 98, ro2, 106, 122, 
125, 131, 138, 150), c) the distal segments of the legs m bees (52, 90, 97, 107), m 
flies (i, 8, 22, 27, 31-35, 42, 51, 55, 76, 79, 86, 102, 105), and m adult Lepidoptera 
(5, 99-101, 142), and d) the omposilor of certam ichneumonids and braconids (40)1 
and of GrylUis 

Verlame (138) contended that the tarsal response of adult Lepidoptera is a reac 
tion to humidity, viscosity and mechanical stimulation, dependent partly on associa- 
tive memory, while Meindoo (95) ascribed reactions mediated by the tarsi of calk 
phond flies to a combmation of olfactory and mechanical stimuh these views do not 
accord with the findmgs of the great majonty of workers who have studied the tarsal 
chemical sense 

Phylogenetically it is of mterest that ambulatory appendages have been identified 
as the seat of contact chemoreceptors m several other classes of aquatic and terrestrial 
arthropods (6, 12, 18, 78, 83, 92, 113), and m this connection it may also be pomted 
out that of the other loci demonstrated m msects, at least the mouthparts and the 
gonopods are presumed to have been derived from ancestral walking legs (128) 

In most cases the nature of the actual receptors m msects is uncertam Either 
the appendages, such as the antennae of bees, have a vanety of end organs and sub- 
serve a vanety of functions (tactile, olfactory, gustatory, hygroreceptive, thermore- 
ceptive), so that attempts to match structure and specific function have been unsuc- 
cessful, or the regions concerned m contact chemoreception lack easily recognized 
end organs to which a chemoreceptive function could confidently be assigned How- 
ever, Mmnich (103, 106) reported that he had succeeded m stimulatmg mdi\ idually 
some of the long curved hairs on the aboral surface of the oral sucker of Phormia 
and Cdlhphora by duect contact with i M sucrose In the earlier paper he said that 
"stunulation of the tip of a smgle hair may be sufficient for the response ” This 
statement has been questioned by Fungs and O’Neal (55), who quote Mmnich’s 



April ip^S CHEMORECEPTION IN INSECTS 237 

were trained to respond positively to o 5 M sucrose and negatively to water Theo- 
retically It should be possible with this technique to determine specific thresholds for 
the test substances, but the few studies of contact chemoreception m which the 
method was used were made under conditions which usually did not permit a very 
accurate estimate of the strength of the chemical stimuli employed Associations 
thus formed seldom persisted more than a few hours without reinforcement, yet the 
fact that thQ^ were established readily on repeated occasions suggests that care should 
be taken m routme measurements of acceptance and rejection thresholds to avoid 
comphcatmg the results by mtroducmg factors of this sort 
Preceding chemical slmulaiwn, adaptation Qiemical stimulation which precedes 
a given test by a suffiaently short mterval also may influence the results, but m a 
manner somewhat different from the leammg process just described Probably 
several distmct mechanisms are mvolved Fnngs (54), for example, noted what he 
termed a 'shock reaction’ m roaches exposed to suprahmmal concentrations of aod 
after contact with such a solution, they often refused everythmg, even sucrose, for a 
tune Similar behavior was seen m houseflies after exposure of the tarsi to five per 
cent HgClj m i o M sucrose (31, 33) One hundred and twenty flies were tested, 
and immediately after exposure only one fly would respond to sucrose Recovery 
was gradual, with 15 8 per cent response after one hour, 464 per cent after three 
hours and 68 o per cent after five hours It is possible that the receptors were m- 
jured temporarily m these experiments Another type of reaction was demonstrated 
by Mmnich (ros) When testmg was begun below threshold and flies were trans- 
ferred m immediate succession from one sugar solution to another m mcreasmg order 
of concentration, mdividuals whose threshold for sucrose was ordmanly 1/1600 M 
did not respond until a concentration of 2/100, 4/100 or even 8/100 M was reached 
This result was ascribed to fatigue or adaptation Others (90, 138, 142) have re- 
corded similar observations, which they also mterpreted as evidence of fatigue or 
adaptation of the receptors, but m these cases the differences measured are hardly 
significant statistically Von Fnsch (63) noted that weaker solutions of sucrose 
were taken hesitantly or refused by bees for the first 5 or 10 mmutes after stronger 
ones had been fed, though he states also that the acceptance threshold (o 25 to o 125 
M) was not changed even after o 5 M sucrose had been fed for hours nor when the 
threshold was approached gradually from above Other workers (44, 97) could 
find no difference m the threshold of acceptance detennmed when sugar solutions 
were offered m ascendmg or descendmg order of concentration Thus, while it 
seems probable that sensory adaptation does occur, the evidence which has been 
gathered is for the most part weak or contradictory, and all of it is based on responses 
contributed to by an extrasensory element which it is diffi cult to assess The ob- 
servations suggest that, if adaptation does take place, recovery is fairly rapid, failure 
to demonstrate it more conclusively may have resulted m some cases from too long 
an mterval between tests Further study of the phenomenon, m experiments 
designed to separate central and pienpheral factors, would be desirable 
Avatlabtiily oj natural food Both von Fnsch (60, 63) and Kunze (89, go) have 
remarked that the threshold of bees for sucrose and other sugars is dependent to some 
assent on the availabihty of nectar and the sugar concentration of the latter At 
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Will be kmited until more defimte knowledge of the structure and properties of the 
receptor elements is available 

2 Methods of Investtgahon and Thetr ResitUs 

Most of the physiological studies of contact chemoreception m msects have centered 
around the feedmg response, which has been utilized m various ways by different 
workers as an mdicator of chenucabstimulation By this means the location of the 
receptors has been roughly mapped out, many chemical compounds have been classi 
fied as acceptable or unacceptable and a considerable body of quantitative data has 
been developed m reference to the relationship between concentration and stimula 
tory effect Further analysis of the categones acceptable and unacceptable has also 
been attempted with some success, and progress has begun toward a correlation of 
the physical and chemical properties of compounds with then potency m stimulation 
A bnef discussion of the more important methods that have been used m these studies 
wiU serve to mdicate then limitations and provide a basis for a critical evaluabon of 
the data which have been obtained 

a Feeding experiments, acceptance and rejection The type of expen 
ment most commonly employed leads to the determmabon of acceptance or rejec- 
tion thresholds For the former, an msect which has been allowed to dnnk imtil it 
no longer responds to plain water is presented with a senes of dilutions of the test 
chemical, and the lowest concentration which mduces an attempt to feed is noted 
In the measurement of rejection thresholds, the test compounds may be given to 
thirsty msects m water, but smce it is difficult to regulate the degree of thirst it is 
often more convenient first to let the specimens satisfy their desire for water and then 
to offer dilubons of the test compound m a standard solution of some acceptable 
substance, such as sucrose In either case, the least concentration which prevents 
acceptance or causes an avoidmg reaction is taken as the threshold of,rejecbon 
Obviously such measurements can have only a relabve value, and the results are 
dependent m part on the strength of the attractive stimulus 

b Factors which affect the response Resjxmses of acceptance or rejection, 
separated as they are from the mitral process of sensory excitabon by a complex 
cham'bf physiological events and subject therefore to modification at vanous levels 
by the physiological state of the animal, are open to mfluence by a variety of factors 
which must be suitably controlled if consistent results are to be obtamed Among 
these have been noted prenous association (condibonmg), precedmg chenucal 
stimulabon, availability of natural sources of nectar or other food, age, preparabon 
for experiment and especially the condition of the anunal m regard to nutrition and 
thirst 

Condttioned responses Several workers have succeeded m condibonmg msects to 
respond posibvely to one of a chosen pair of chemicals and to reject the other (9, 84, 
122 125, 126) In repeated trials the anunal leams to associate one stimulus with 
the presence of food, with which it is rewarded after a posibve response, and the other 
with some disagreeable expenence, such as the taste of food heavily contammated 
with qumme The ability of aquatic beetles to disbnguish between NaCl and HCl, 
NaCl and sucrose, HCl and sucrose, etc , was demonstrated m this way, and ants 
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the rejection threshold for salt and an increase with HCl and quinine Bees succumb 
to starvation so rapidly that they are not the animal of choice for experiments of 
this sort (15-17, 63) Acceptance of HgClj m i o M sucrose by Plwrmui reguui was 
better after 48 hours than after only 24 hours on a water diet (34) Fnngs and 
O’Neal (55) observed somewhat variable rejection thresholds m Tabanm durmg 
starvation, but no consistent trend appeared m their data In summary there is 
usualfy but not alwa)'s a decrease m acceptance thresholds durmg starvation, the 
data m respect to rejection thresholds are scantier and to some extent conflictmg so 
that more study is needed 

The contention of various authors, that the lowest threshold of acceptance reached 
durmg the penultimate stages of starvation represents a threshold of receptmly or a 
specific threshold, requires examination The state of starvation is conceived as 
ehinmatmg a central inhibition which under normal circumstances prevents a visible 
response to low, though stimulatmg, concentrations of the acceptable compound 
(105, 106, 136) With bees, a rather constant value for the acceptance threshold of 
sucrose is always obtamed durmg starvation, irrespective of mitial differences, and 
It IS considered unlikely that a starvmg msect would refuse an acceptable substance 
that It was capable of perceivmg (63) A weakness of these arguments, apart from 
their speculative nature, hes m the fact that many variables other than hunger may 
be operatmg to condition the central nervous state although starvation may have 
lowered the resistance, so to speak, between exatation and acceptance, there is no 
guarantee that the resistance has been reduced to zero Granted, however, that the 
premise is correct, the threshold measured can be only a specific threshold and not 
an absolute threshold From experiments with man (e g , 82) it has long been known 
that the specific threshold for a given compound need not be the absolute threshold 
of exatation, smce it is often possible for human subjects to distmguish dilute solu- 
tions from distilled water at concentrabons so low that the solute cannot be identified 
nor even classified m one of the usual taste categones Whether a similar situabon 
exists for msects is uncertam, but that the sensory process may be at least as complex 
as m the vertebrates is shown, for example, by the foUowmg experiment of Fnngs 
(54) with the American roach on addmg small amounts of aad to o i il sucrose, a 
concentrabon was presently found which caused hesitabon and rejecbon A further 
increase of aad brought the solution mto a range m which it was accepted more 
readily than sucrose solution, whde a still further mcrease disclosed a threshold above 
which all concentrabons were rejected ■vngorouslj This lei el was mterpreted as 
the rejecbon thresholcL In this experiment it is clear that the acid was m some man- 
ner stimulatmg the roach at a concentrabon below either the acceptance or rejecbon 
threshold, and it is possible that the reacbon to i ery low concentrabons represents a 
process s imila r to the phenomenon of a general or difference threshold m man 
c \ARrABLES WITH LESS PEONOtixcED EiTEcrs Somewhat surpnsmg are the 
obsenabons that the factors of hght mtensity, temperature, hurmditj and sex, m 
Contrast with their effects on olfacbon, and the presence or absence of odors, appear 
m general to have httle effect upon the sensibvity of msects to chemical contact 
With solutions m laboratorj m\ esbgabons, although it is well known that these mai 
exert profound effects upon the feedmg bdiavior of msects m nature 
Light intensity Onlj casual observations of vanabons m hght mtensitj durmg 
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seasons when nectar with a high concentration of sugar is in good supply, bees will 
refuse sugar water m dilutions which are accepted readdy when natural sources are 
less favorable, even though under the latter conditions they are kept equally well 
fed and have a plentiful store of sugar or honey in the hive The mechanism whereby 
the response is modified is obscure but does not seem to mvolve either sensory adapta 
tion or the state of nutation 

Age No thorough mvestigations have been made of the effect of age on the con 
tact chemoreceptive response In the eirtensive observations of von Fnsch (63) 
httle influence of age on threshold was seen until the workers had been gathenng 
nectar for about a month These elderly bees had an elevated acceptance threshold 
for sucrose Eger (44) found that fifth mstar larvae of Actdalui had higher thresholds 
of rejection for NaCl, HCl and qumme than younger spreamens, but Dethier (36) 
noted httle change m thresholds with age among other cateipiUars, except for a 
general dismchnation to feed immediately before pupation In wireworms, onenta 
tion to chemical stimuh shows a biennial riiyrthm, of which the biting response is 
mdependent (136) Probably age is of min or significance m most mvestigations of 
contact chemoreception apart from cases where marked changes m dietary behavior 
are associated with the process of development 

PTeparalxon of specimens The practice of mountmg msects for expemnent, 
mtroduced by Minnich (99) and smce used by many other workers, often renders 
the specimens erratic or unresponsive for the first 24 hours or so after preparation 
Later this mconsistency disappears, and with smtable treatment the msects may be 
mam tamed m a responsive state for weeks or months 

Niitniwn By far the most important factor affectmg acceptance thresholds is 


the nutntive state of the an imal , and it is a common observation that acceptance 
thresholds fall when msects are mamtamed contmuously on a water diet or are other 
wise subjected to complete or partial starvation (5, 27, 34, 35, 60-63, 76, 79, 89, loi; 
102, 105, 136, etc ) Hunger may reverse the effects of trammg and cause an msect 
to accept qumme-flavored meat which he has been taught to avoid (125) However, 
a marked decrease m threshold with starvation does not mvanably occur (s, 37 i 55 i 
63, 106, 126), and the time course and extent of the decrease may be quite different 


for different compounds (76, 105) or for oral and tarsal receptors (76) Where re- 
jection thresholds are detemuned agamst the background of a contrastmg acceptable 
stimulus, an mcrease m the rejection threshold may be expected with starvation if 
the latter results m mcreased acceptabihty of the contrastmg stimulus (15°) Thus, 
lack of water has been shown frecjuently to be a potent force m improvmg the ac- 
ceptance of otherwise repugnant solutions, and it is known that, even apart from 
starvation or thirst, vanations m the strength of the attractive stimulus do produce 
differences m the rejection thresholds detemuned (33, 34, 44 j 63, 138) Hashnger 
(76), m recognition of this effect, measured the rejection threshold for HCl of blow- 
flies dunng starvation by presentmg the acid m a fructose solution the concentration 
of which was vaned so as to be just three times the threshold for fructose on ea 
day of the test Under these conditions, no change m the rejection threshold for 
aad was observed, and similar results were obtamed with imacceptable sugar 
cohols, Salts and qumme However, von Fnsch (63), who presented NaCl, 
and qumme m i o M sucrose to bees at all stages of stan-ation, found no change m 
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the rejection threshold for salt and an increase with HCl and quinine Bees succumb 
to starvation so rapidly that they are not the animal of choice for experiments of 
this sort (15-17, 63) Acceptance of HgCIj m i o M sucrose by Phormia regtna was 
better after 48 hours than after only 24 hours on a water diet (34) Fnngs and 
O’Neal (55) observed somewhat variable rejection thresholds m Tabaniis durmg 
starvabon, but no consistent trend appeared m their data In summary there is 
usually but not always a decrease m acceptance thresholds durmg starvation, the 
data m reflect to rejection thresholds are scantier and to some extent conflictmg so 
that more study is needed 

The contention of various authors, that the lowest threshold of acceptance reached 
durmg the penultimate stages of starvation represents a threshold of receptivity or a 
specific threshold, requires examination The state of starvabon is conceived as 
elimmatmg a central mhibibon which under normal circumstances prevents a visible 
response to low, though stimulabng, concentrabons of the acceptable compound 
(ro5, 106, 136) With bees, a rather constant value for the acceptance threshold of 
sucrose is always obtamed durmg starvabon, irrespecbve of mibal differences, and 
It IS considered imlikely that a starvmg msect would refuse an acceptable substance 
that it was capable of perceivmg (63) A weakness of these arguments, apart from 
their speculative nature, hes m the fact that many variables other than hunger may 
be operatmg to condition the central nervous state although starvabon may have 
lowered the resistance, so to speak, between exatabon and acceptance, there is no 
guarantee that the resistance has been reduced to zero Granted, however, that the 
premise is correct, the threshold measured can be only a specific threshold and not 
an absolute threshold From experiments with man (e g , 82) it has long been known 
that the specific threshold for a given compound need not be the absolute threshold 
of excitation, smce it is often possible for human subjects to distmguish dilute solu- 
bons from distilled water at concentrabons so low that the solute cannot be identified 
nor even classified m one of the usual taste categones Whether a smulaw situafaon 
exists for msects is uncertam, but that the sensory process ma> be at least as complex 
as m the vertebrates is shown, for example, by the following experiment of Fnngs 
(54) with the Amencan roach on addmg small amounts of aad to o r M sucrose, a 
concentrabon was presently found which caused hesitabon and rejecbon A further 
mcrease of aad brought the solubon mto a range m which it xvas accepted more 
readily than sucrose solution, while a sbll further mcrease disclosed a threshold above 
which aU concentrabons were rejected vigorousl} This level was mterpreted as 
the rejecbon threshold In this experiment it is clear that the acid was m some man- 
ner stimulabng the roach at a concentrabon below either the acceptance or rejecbon 
threshold, and it is possible that the reacbon to very low concentrabons represents a 
process similar to the phenomenon of a general or difference threshold m man 
c VxRXAZtss wrra less pronotosCEd effects Somewhat surpnsmg are the 
observabons that the factors of light mtensity, temperature, humiditj and sex, m 
contrast with their effects on olfacbon, and the presence or absence of odors, appear 
tn general to have httle effect upon the sensibmty of msects to chemical contact 
with solutions m laboratoy m\esbgabons, although it is well known that these mai 
exert profound effects upon the feedmg behavior of msects m nature 
L^ght tiUcnsily Onlj casual observabons of vanabons m light mtensitj durmg 
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tests have been recorded, and any effect which they may have had has been over- 
shadowed by other variables Kunze (90) states that bees whose eyes were covered 
with opaque shellac responded no differently than normals 

Temperaiure and humidity Weis (142) obtamed essentially identical distributions 
of acceptance thresholds for sucrose m tests run with butterflies at 25 5“ C , $6 7 
per cent RH and at 35° C , 100 per cent RH Nor was the threshold altered when 
the butterflies were kept at 21° C and the sugar solutions offered at 15° C , 2i°C. 
and 35° C For bees, von Fnsch (63) found temperature changes within wide limits 
to be without significant effect on the acceptance ratio, both m the field where the 
temperature of the bees followed the ambient temperature and m laboratory tests 
whetfe the temperature of the solutions was varied mdependently over the range from 
10° to 35° C Yet the amount of sugar solution drunk by bees is greater at higher 
temperatures In another group of studies with bees at air temperature (20° to 
25° C ), von Fnsch observed no change m acceptance of i o M sucrose withm the 
range from 8° to 50° C , but the majonty of specimens became hesitant when the 
solutions were at 3° or 5° and at 55°, while general refusal occurred at 1° and 60° C 
These experiments give madental added proof that viscosity is not a significant 
factor m msect chemoreception The apparent absence of a temperature effect m 
msect gustation is m contrast with results which have been obtamed with man, but 
it may be remarked that there has been httle agreement among the numerous m 
vestigators who have studied human taste from this pomt of view References to 
many of the studies on man may be found m the papers of Goudnaan (65) and Hahn 
and Gthither (71) 

Sex No difference m the sensitivity of male and female specimens appeared m 
the studies of Abbott (i) with CocMumyia macellana, of Deonier (34) with C 
amencana and Phormia regina nor m our own tests with the latter, of Mmnich (105) 
with Calhphora voimtona, of Anderson (5) with vanous butterflies, nor of Frmgs 
(54) with the Amencan roach Drone bees responded more readily to i o M sucrose 
than workers, while no difference was detected m the response of young queens and 
workers of the same age (90) 

Odors The acceptance of sucrose by bees was not affected by the presence or 
absence of the odors of essential oils or honey, and removal of the olfactory organs 
by antennectomy left the taste threshold unaltered (63) Amputation of antennae, 
labial palpi and the forelegs of nymphahd butterflies did not significantly affect the 
tarsal response to solutions (99) The average tarsal acceptance threshold of 181 
specimens of Phormui for sucrose was o 019 M ± o 005 (standard deviation) , for 122 
of these same flies which survived combmed antennectomy and labeUectomy it was 
0017 M ± 0013 After operation the flies no longer responded to odors (42) 
Ritter (122) found that amputation of the antennae was without effect on the gusta- 
tory response of Hydrous, however, this beetle has olfactory receptors on the maxil- 
lary palpi Bauer (9), who worked with the same species and with Dyliscus, states 
that removal of both the antermae and the maxillary palpi, which abolished the ol- 
factory response, did not prevent a response to taste substances, but that the thresh 
old was raised and the anunals were generally more sluggish The mcrease m thresh 
old m this case may be ascribed to loss of part of the contact chemoreceptors, some 
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of wludi are located on the maxillary palpi, to a defiaent central excitatory state, or 
to both factors 

d Extensions of the feeding technique Mellwd of tmxlurts While many 
of the facts already ated have come from work with conditioned insects or from 
straightforward feedmg experiments, certam variations of the latter technique have 
been made to yield additional information not otherwise obtamable One such refine- 
ment was developed by von Fnsch (62, 63), who noted that the stimulative effect 
of vanous sugars for the bee is additive For example, a mixture of sucrose and 
fructose, each present m a concentration which would have been refused if offered 
alone, was accepted readily It occurred to von Fnsch that this fact could be uti- 
lized m retestmg the acceptabihty of sugars which had appeared to be without stimu- 
lative power even m saturated solution when presented smgly Such sugars were 
now mixed with a concentration of sucrose to which some but not all of the bees 
would respond, and it was found m fact that the accqitance ratio was improi'ed m 
several mstances By comparmg the concentration of the second sugar with the 
concentration of sucrose which had to be added to produce an equal effect, a quantita- 
tive estimate of the relative ‘sweetness’ of the second sugar was obtamed In 
similar experiments, von Fnsch determmed the stimulatmg power of vanous com- 
pounds repugnant to the bee by addmg them m known quantities to an acceptable 
solution of sucrose and observmg the decrease m acceptabihty This latter proce- 
dure illustrates the usual approach m the measurement of rejection thresholds 
Measurement of ‘crop load^ Another variation of the feedmg technique, also 
due to von Fnsch (63), is based on the observation that the quantity of sugar solu- 
tion taken by a bee at one feedmg is a function of the concentration At o 5 M, the 
average bee drank 44 9 cu mm per trial, but when i o M or 2 o M sucrose was offered 
the amount taken rose to 50 5 and 55 2 cu mm , respectively Thus a difference m 
the degree of response was revealed beyond that mdicated by a simple count of ac- 
ceptances and rejections Havmg provided a concentration of sucrose just suffiaent 
to ensure acceptance by all the bees m the test group, von Fnsch then showed that 
addition of NaCl m concentrations too low to reduce the percentage acceptmg still 
produced a measurable decrease m the average amount of solution drunk per trial 
per bee This was mteipreted as an mdication that the bees perceived the presence 
of the salt even though they drank the solution contammg it, m other words, that 
the specific threshold for NaCl must he well below the rejection threshold If this 
conclusion is acceptable, the techmque offers an additional means of approximatmg 
specific thresholds, and of testmg mtensity discnmmation 
The same procedure has also been used by von Fnsch to draw a distmcbon between 
vanous types of compmunds unacceptable to the bee \Mien concentrations of qui- 
nme hydrochbnde below the rejection threshold were added to sucrose solution, the 
outcome differed from that obtamed with NaCl m that no decrease occurred m the 
quantity of solution taken , and this, von Fnsch reasons, shows that there is a differ- 
ence m the quahty of the perception of the bee for these substances HCl was foimd 
to beha\ e m this resjiect like NaCl, but by no means all of the bitter substances 
tested gave results si milar to qumme Von Fnsch concludes that what is bitter for 
man may not constitute a homogeneous groupmg for the bee 
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Duration of feeding as an index of acceplabihly A somewhat similar modification 
of the acceptance technique was used m conjunction with the usual procedure by 
Weis (142), who recorded the length of time that butterflies, stimulated tarsally, 
would leave the proboscis m an acceptable solution With Pyrameis aialanta Lum 
as the test animal, she observed that the proboscis remamed m distilled water for 
25 seconds on the average, while the average dunk of o 5 M sucrose required 4 nun 
utes 19 seconds Dulcm (^phenetyl urea), a synthetic sweetenmg agent, caused 
withdrawal of the proboscis after only eight seconds, and was therefore judged to be 
somewhat distasteful to the msects Without further mvestigation, too much re- 
liance should not be placed on the use of this method with Lepidoptera m view of our 
Ignorance of the process of chemoreceptive adaptation m msects and of Stober’s 
(130) findmg, madental to a study of digestive function, that several speaes drank 
mdiscnmmately the followmg various concentrations of sugar solution, with or with 
out added dyestuffs, water, htmus, congo red, neutral red, brom cresol purple, brom 
thjrmol blue, milk, frog or rabbit blood, with or without Na-oxalate or hmidm, 
alcohol, a variety of salts and acids, starch, water colors, Flemmmg’s fixative, and 
Schaudinn’s solution It is true, of course, that m Stober’s experiments the tarsi 
were not m 'contact with the fluids as they were m the experiments of Weis, but 
Weis herself pomts out that duration of feedmg is not a rehable cntenon of accepta- 
bihty if the animals are starved and thirsty Kunze (89) likewise used duration of 
feedmg as an mdex of acceptabihty of solutions for the bee 

Tarsal stimulation One of the most fruitful modifications of the food acceptance 
technique was mtroduced by Minnich (99) consequent upon his discovery that con- 
tact chemoreceptors are present upon the tarsi of certam nymphahd butterflies and 
that stimulation by an acceptable substance results m extension of the proboscis 
The location of these sense organs makes it a sunple matter to mvestigate their func- 
tion without givmg the animal an opportunity to mgest the test substances, a fact 
which facihtates control of the important variable of nutrition and which permits one 
to avoid some of the comphcations which arise when toxic compounds are mves 
tigated Further observations by Minnich (102, 107) demonstrated sumlar sensi 
tivity to chemical stimulation m the legs of flies and bees Smce then both he and 
others have taken advantage of this convenient arrangement on numerous occasions 
(see references under section on location of receptors above) The present writers 
recently combmed the technique writh extirpation of the olfactoiy receptors m flicS) 
a procedure which permits testmg of water-soluble organic compounds whose odors 
might otherwise cause confusion m the results (42) A method which would allow 
similar tests with substances which are msoluble m water would be highly desirable as 
this would extend greatly the range of compoimds whose effects on contact chemore- 
ceptors could be mvestigated The pnnapal problem presented here is the choice 
of a suitable diluent, which must combme the followmg characteristics 

r It must be a solvent for the compounds to be tested and must not react chem 
ically with them 

2 Preferably it should be nonstimulatmg, if stimulatmg, then preferably attrac- 
tive if mert or repellent, then it must dissolve some standard attractant, such as 
sucrose, m sufficient concentration to ensure a positive response 
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3 It must lack high contact toxiaty 

An attempt m this direction, usmg ethylene glycol as a earner for the attractant 
(sucrose) and for the test substances, has been only moderately successful 
Ompostlor preparalurns One further technique which offers considerable promise 
developed from the obseri-ation that the ovipositors of certam msects respond to 
contact chemical stimuh (40) It has been found that the isolated abdomen of some 
parasitic hymenoptera makes characteristic avoidmg movements if the valvulae are 
placed m solutions which are rejected when presented to the antennae, mouthparts 
or tarsi of other msects Rejection thresholds for such compounds can therefore be 
detennmed with this preparation, which not only ehmmates the nutntional vanable 
of other techruques, but also renders unnecessary the addition of an attractant to 
the test solution Abdomens protected from desiccation by coatmg the cut surface 
of the petiole with paraffin remam responsive for several days if kept m a moist 
atmosphere at room temperature Similar preparations may be made from the 
encket Gryllus, and probably from some other msects 
Electrical recording from chemoreceptors To have some means of studymg receptor 
function more directlj than via the mitiation or suppression of reflex responses 
would have many advantages Recordmg of sensoiy action potentials offers a possi- 
bihty, but so far aU efforts along these Imes with the chemoreceptors of msects ha\ e 
been fruitless Dethier and Prosser taed m vam to record chemically stimulated 
action potentials from the antennal nerve of caterpillars, while Dethier and Roeder 
obtamed only negative results with preparations of the nerves which supply the 
ovipositor of parasitic wasps and the cricket, and the mouthparts of the roach (un- 
published experiments) The mdividual sensory fibers are of small diameter, the 
presumably small potentials are apparently shunted out by adjacent tissue and fail 
to rise above the noise level m the amphfymg sj’stem In these unsuccessful trials 
all the preparations responded with visible movements to cherrucal stimulation, so 
that there can be no doubt that normal receptor function was mam tamed, and tactile 
stimulation of the regions concerned produced typical spikes m the oscillograph 
records (38) Additional attempts of this sort should be made whenever favorable 
preparations are encountered, m spite of the technical difficulties imposed by the 
small diameter and short length of the nerves, for they offer the best prospect of 
obtainmg information uncompheated by central nervous factors about the chemical 
response m msects The fact that some success has attended similar efforts m ver- 
tebrates (3, 7, 75, 81, 115, 120, 154) should encourage further endeavor 

3 Senstitmly in Taste 

a Specific differeivces Conspicuous differences m threshold are found eixn 
among closely related insect speaes (cf , e g , 5, 44, 126), and consequently it is hardly 
possible to generalize m comparmg the acuity of the insect gustatory sense with that 
of man and other animals The known range of concentrations adequate for stimula- 
tion hes approximately between 12 M and i X io~* M, dependmg on the species, the 
mdividual, the organ, and the substance concerned Limitations of space prevent 
the atation of more than the foUowmg representative figures for commonly tested 
compounds (see table a, page 344) 
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Duration of feeding as an index of acceplcdnhly A somewhat similar modification 
of the acceptance technique was used m conjunction with the usual procedure by 
Weis (142), who recorded the length of time that butterflies, stimulated tarsally, 
would leave the proboscis m an acceptable solution With Pyramis aldanta Lmn 
as the test animal, she observed that the proboscis remamed m distilled water for 
25 seconds on the average, while the average dnnk of o 5 M sucrose required 4 mm 
utes 19 seconds Dulcm (^phenetyl urea), a symthetic sweetenmg agent, caused 
withdrawal of the proboscis after only eight seconds, and was therefore judged to be 
somewhat distasteful to the msects Without further mvestigation, too much re- 
liance should not be placed on the use of this method with Lepidoptera m view of our 
Ignorance of the process of chemoreceptive adaptation in msects and of Stober’s 
(130) findmg, madental to a study of digestive function, that several speaes drank 
mdiscmrunately the foUowmg various concentrations of sugar solution, with or with 
out added dyestuffs, water, htmus, Congo red, neutral red, brom cresol purple, brom 
thymol blue, milk , frog or rabbit blood, with or without Na-oxalate or hmidm, 
alcohol, a variety of salts and acids, starch, water colors, Flemmmg’s fixative, and 
Schaudmn's solution It is true, of course, that m Stober’s experiments the tarsi 
were not m 'contact with the fluids as they were m the experiments of Weis, but 
Weis herself pomts out that duration of feedmg is not a rehable criterion of accepts 
bihty if the animals are starved and thirsty Kimze (89) likewise used duration of 
feedmg as an mdex of acceptabihty of solutions for the bee 

Tarsal sltmulation One of the most fruitful modifications of the food acceptance 
technique was mtroduced by Mmnich (99) consequent upon his discovery that con- 
tact chemoreceptors are present upon the tarsi of certam nymphahd butterflies and 
that stimulation by an acceptable substance results m extension of the proboscis 
The location of these sense organs makes it a simple matter to mveshgate their func 
tion without givmg the animal an opportunity to mgest the test substances, a fact 
which facditates control of the important variable of nutntion and which permits one 
to avoid some of the comphcations which arise when toxic compounds are mvts- 
tigated Further observations by Mmnich (102, 107) demonstrated smular sensi 
tivity to chemical stimulation m the legs of flies and bees Smce then both he and 
others have taken advantage of this convenient arrangement on numerous occasions 
(see references under section on location of receptors above) The present wnfers 
recently combmed the technique with extirpation of the olfactory receptors m flicS) 
a procedure which penmts testmg of water-soluble organic compounds whose odors 
might otherwise cause confusion m the results (42) A method which would allow 
sirmlar tests with substances which are msoluble m water would be highly desirable as 
this would extend greatly the range of compounds whose effects on contact chemore- 
ceptors could be mvestigated The prmapal problem presented here is the choice 
of a suitable diluent, which must combme the followmg characteristics 

1 It must be a solvent for the compounds to be tested and must not react chem- 
ically with them 

2 Preferably it should be nonstimulatmg, if stimulatmg, then preferably attrac- 
tive if mert or repellent, then it must dissolve some standard attractant, such as 
sucrose, m suffiaent concentratmn to ensure a positive response 
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cow, Pr^x'i -ts, to distinguish sucrose or salt from water and from each other, and 
who noted that the mtensitj- of reaction (number of responses) was roughly propor- 
tional to the loganthm of concentration Cromer (no, 30) demonstrated a direct 
proportionality between the loganthms of speed of reaction and concentration of the 
stimulating compounds with worms exposed to aad and alkaline solutions In the 
rabbit, Hasama (75) found an approximatelv logarithmic rebtiondnp between the 
strength of the negatiiro electrical potential developed on the hippocampal lobe and 
the mtensity of the odor of qumohne, while Hahn and Giinther (71I, m esperunents 
on the temperature dependence of human taste thresholds, remarked that the range 
ofwuiation wasapproxunateh proportional to the concentration Lcmberger (01 \) 
demonstrated that the discrumnabon factor m human taste is constant for sucrose 
and Na-saccharm, except at the extremes of concentration It is thus apparent that 
the factor of stimulus mtensatj enters logarithmically into a number of the phenomena 
associated with chemoreception although the rclabonship has been mvesugated 
less thoroughly here than w ith some of the other senses 
c. Sfnsfimh dt^rra.us of different organs Eixn m a single mdmdual the thresh- 
old for a given substance mav be differmt if different organs are stimulated (53, 34, 
55 t 76, 07, loj, 105, 106, 133) Thus, m TahantiSy the ai'crage labellar threshold for 
sucrose was o orr M, for the tarsi, it was o 060 M (55) Wth most of the compounds 

tested on Calltfhcra er^throcephafa h\ Hasluiger (76), the labelh were more seiisiti\-c 
than the tarsi, but in C Tomtona, accordmg to Minnich (rob), the oral lobes are onlv 
one-siiteenth as sensitive to sucrose as the legs although tlie fly reacts to lactose ap- 
plied oralh but not when it is touched to the tarsi (105) Houseflies would extend 
the proboscis after contact of the tarsi uath i o M sucrose which con tamed a toxicant 
m suitable dilution but avxiided the fluid or refused to drmk it when it touched the 
mouthparts (33), and the same was observed with CorHimvjo aneneum and 
Pkmria retina (54) Rather suniLar observations were reported bv VerLame (loSl 
for Pierts The antennae of the bee are more sensitive to solutions than are the 
IfSs (su, 07, 107), and the proboscis more scmsiUvc than the antennae (00) \ccord- 
ing to Ritter (133) the beetle, Bydrotis, can detect HCl at a concentration of o 007 hi 
with the tips of the labial palpi, these are said to be mstmsiuvc to NaCl and sugar, 
which are percei\-cd \ la the maxillary palpi \n mtcresUng problem whicli should 
repay future mx*esUgation is the exttmt to which threshold differences of different 
organs in the same mscct are dependent on receptor senutmtv , number of receptor 
units activated and central nervous factors As yet there has been no productive 
research on the possIbiUties of temporal and spatial summation, nor is tliere an\ in- 
formation on latcncv or other temporal aspects of receptor functicm 
d JfiJmrtly dismmwotwn Onlv an approxmiate estimate is available of the 
abihty of the mdivadual msect to discnnunnte between slightly different coucentri- 
tions of the same chemical Von Fnsch (03) showed that there were measurable dif- 
ferences m the response of a group of bees to i/S M and 5 ^53 hi or to i ''4 hf and jAb 
M sucrose, while no changes m the response were detectable b\ his metliods when the 
concentration mtcrvnb wue half as great In other cases where geometne senes 
have been used, the least ratio between successive concentrations appears abo to 
have been 1 i 35 (54, 5<;), thus we know that, like the bee, the Amencan roach and 
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b Individual differences As nearly all workers have noted, different in- 
dividuals of the same speaes show a wide range of thresholds for a given compound, 
m spite of all precautions taken by the experimenter Von Fnsch (63) even gives 
evidence that the sensitivity of the same bee may vary from day to day These 
variations pmse difficulties m the comparison of data and m the presentation of re- 
sults, which lose much of their significance unless accompanied by some measure of 
their rehabihty In this connection it is useful to know that the scattenng of thresh- 
olds m a population of Phormta reared under standard conditions is not significantly 
different from a normal distribution when plotted agamst the logarithm of concentra- 
tion (42), and that a sunUar relationship may be demonstrated for both acceptance 
and rejection thresholds of other msects m most cases where suffiaent data have been 


reported (e g , 

44) 54) 63, 142) It IS therefore possible to charactehze the reaction 

TABLE 3 CoupAKisoN or taste iheeshoujs 

COUPOUKS 


THUSHOLO CONOOmiATlONSl 

sucrose 


man, 0 02 M, bee, 0 06-0 125 M, butterfly (Pyramns), average ca. 04 )i 
M, m Btarvation as bttle as 8 X io“‘ M, or for Danaus, 9 8 X io'*M, 
horsefly {Tabanus), 0 005-0 ii M 

Naa 


man, 0 009 M, bee, rejects ca 0 24 M m 0 5 M sucrose, various cater 
pillars reject at 0 2 M, while others acc^t over the full range up to 
and including s 0 M 

HCl 


^ man, 0 00125 ^) hee, rejects 0 001 M m i 0 M sucrose, various cater 
pillars reject at 0 oi-o 2 M 

quinine 


man, i s X lo"' M, bee, rejects at 8 X lo-* M m 1 0 M sucrose, various 
caterpillars reject at 0 002-0 033 M, aquaUc beetles were conditioned 
to respond to i 25 X io~* M 


1 Data on man are for specific thresholds, adapted from {108), for the bee, from (63), forAyrarnrh, 
from (loi), for Danaui, from (5), for Tabanus, from (ss), for caterpillars, from (44), for aquatic 
beetles, from (9) The figures for msects are thresholds of response 


of a population to a given chemical mathematically m terms of the regression of 
responses, expressed m probabihty units, on log concentration, and to calculate 
withm stated limits of accuracy the most probable value of the concentration re- 
quued to produce a chosen degree of respionse While one might be tempted to 
regard the logarithmic nature of this distnbution as evidence for the opieration of 
Fechner’s rule m msect chemoreception, it should be kept m mmd that the relabon- 
ship describes the distribution of thresholds m a population of mdmduals, each of 
whom bears a population of receptors, and that there is at present no mformation as 
to the manner in which the number of receptors respondmg or the response of a single 
receptor element depends on the mtensity of the stimulus 

However, mformation obtamed with other anunals suggests that the phenomenon 
IS probably more widespread m chemoreception than is generally realized Rather 
sunilar to the results with msects are the data of Krmner (88), who tramed the mm- 
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As mentioned above m the discussion of methods, von Fnsch (63) found additive 
the stimulatory effects of all sugars which are acceptable to the bee S umma tion was 
noted also between NaCl and LiBr, NH«Br or HCl, but the repellent effect of qumme 
was lessened rather than enhanced by the addition of acids (hydrochloric, acetic, 
salfunc, atnc, lactic) When sucrose solutions, one contammg NaCl and another 
qumme hydrochloride, were prepared which were accepted by equal proportions of 
the bees, they were drunk m different amounts Alm ost as much of the qumme was 
taken as of the control, but considerably less of the solution contammg salt. Thus 
far, the results would mdicate three taste quahties sweet, aad-salt and bitter 
But m other eapenments von Fnsch found that starved bees show no better accept- 
ance of NaCl than when fully fed, although the threshold for rejection of qumme 
rises eight tunes and that for HCl by a factor of five Therefore, he concluded that 
salt represents a quahty different from either aad or bitter Furthermore, although 
there is no summation of repellency between qumme and aads, other bitter sub- 
stances, such as alom, arbutm, colocynthm and sahcm, are rendered more repugnant 
by the addition of HCl, so that the category bitter is not homogeneous for the bee 
It IS possible that mvestigations of this kmd would reveal similarly complex relation- 
ships m man 

Other evidence as to the separation of the taste quahties m msects was provided by 
Ritter (122), who foimd that after amputation of the mazdlary palpi specunens of 
Hydrous puxus would still react to o 007 M HCl but not to salt, sugar or qumme 
Removal of the tips of the labial palpi then abolished the response to aad although 
animals lackmg both sets of palpi and the antennae still reacted positively to meat 
juice, presumably via receptors m the mouth These observations would seem to set 
the aads apart from other taste substances for Hydrous but require remvestigation 
m view of Bauer’s (9) findmg with the same and related speaes that amputation of 
the maxillary palpi left the gustatory response to sucrose, etc , unaltered except for 
an mcrease m threshold It is unfortunate that Bauer failed to comment on this 
discrepancy between his results and those of Ritter 
Several of the observations above are rather difficult to reconcile with the hjqioth- 
esis put forward tentatively by Frmgs (54) that all specific tastes may be merely 
pomts m a contmuous spectrum of taste sensation, the cntical dimension of which 
IS envisioned as penetratmg power or some colhgative property While it is true 
that m general sweet substances are those which penetrate cells slowly, that some 
salts and alkalis at low concentrations are acceptable to msects and sweet for man, 
that there is a gradual transition from typical salty to bitter m the senes of morganic 
salts as their lomc mobDities mcrease, and that the most mobile cation, H+, is the 
pnnapal factor m the sour taste, such facts as summation of certam types of chem- 
ical stimuh but not of others, the apparent groupmg by conditioned msects of chem- 
ically similar compounds or of those which taste ahke to man and the sharp localiza- 
tion of aad reception alleged to occur m Hydrous do not fit easily mto the scheme 
proposed On the other hand, the experiments of Allen and Wemberg (4) reveal a 
high degree of mterdependence among the four receptor types m man and thus raise 
a question as to whether the concept of a pure primary taste sensation may not be an 
abstraction (cf Hennmg, 77A) There are also anomahes m human taste, such as 
the sensations aroused by alkahs, borax, hydrogen peroxide, gmger, menthol and some 
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the horsefly, Tabaniis, can distinguish at threshold between solutions which differ 
by no more than this factor, but the lower limit of their discriminatory abihty hasnot 
been explored Somewhat greater sensitivity was claimed by Verlame (138) for the 
oral receptors of Ptens on the basis of tests with two specimens No technique has 
been devised which would measure the discnmmation factor m insects at concentra- 
tions above threshold According to Moncneff (loS) the discnmmation factor for 
the chemical senses of man is about o 3, 1 e , nearly the same as for the insects men- 
tioned above, but Lemberger’s data for human taste mdicate values of about o 15 for 
sucrose and on for Na-sacchann, except at threshold and at veiy high concentrations 
(91A) 

4 The Modaltlies of Taste m Insects 

It IS generally beheved that man distmguishes four types of taste sensation, m > 
sweet, salt, sour and bitter, and that most complex tastes can be resolved mto some 
combmation of these four primary quahties (14, 108) In view of the work of Allen 
and Wemberg (see also the study by Pfaflinann, 115), this inteipretation, cnticized 
vigorously by Hennmg (77A), probably represents an oversunphfication of the actual 
state of affairs, although their measurements of the critical frequency of electrical 
stimulation did reveal four distmct sets of receptors, each of which it was possible to 
identify chiefly with one of the primary sensations (4) 

In msects aU that has been observed directly is that some substances are accepted 
and others rejected, and it has been necessary to resort to less straightforward 
methods m the attempt to ascertam whether the categones acceptable and unaccep- 
table are homogeneous or whether msects also are capable of a finer degree of dis- 
cnmmation Recent evidence has been denved pnnapally from five sources fl) 
observations of the behavior of specimens conditioned to respond to a given chemical 
when confronted with other compiounds, b) determinations of the additive or non- 
additive capaaty of diverse chermcal stunuh, c) measurement of the amount of 
sucrose solution drunk by bees after contammation with subhmmal concentrations of 
different chemicals d) comparison of the threshold changes for different compounds 
dunng starvation , and e) localization of the receptors for certam types of substances 
on definite organs 

Bauer (9) tramed Dytiscns margtnalts and Eydrons picens to respond posiUvelj to 
sucrose, these animals could not be tramed smnultaneously to avoid glucose, and also 
reacted positively m the majority of cases to some 15 or 20 other sugars and sugar 
derivatives As m the experiments of SchaUer (125) and Ritter (122) wth the same 
or related speaes, the beetles learned readily to distmguish between pairs chosen 
from sucrose, NaCl, aads (Hcl and HAc) and qumme, and could even be tramed to 
accept qumme and avoid NaCl But specimens which had learned to avoid HCl 
also avoided HAc and could not be taught to reqiond differently to the two, the same 
result was obtamed when qumme was matched agamst sahcm or alom Bauer con- 
cluded that the sweet substances (with the possible exception of mannose, which was 
avoided by some mdividuals) constitute a smgle homogeneous groupmg, salt, aads 
and bitter substances, normally avoided, were distmguished from sweet and from 
each other, so that taste substances could be classified mto the same four quahties for 
these beetles as for man 
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As mentioned above m the discussion of methods, von Fnsch (63) found additive 
the Etuuulatory effects of all sugars which are acceptable to the bee Summation was 
noted also between NaCl and LiBr, NH<Br or HCl, but the repellent effect of qumine 
was lessened rather than enhanced by the addition of aads (hj'drochlonc, acetic, 
snlfunc, atnc, lactic) AVhen sucrose solutions, one containmg NaCl and another 
qnmine hydrochlonde, were prepared which were accepted by equal proportions of 
the bees, they were drunk m different amounts Almost as much of the qumme was 
taken as of the control, but considerably less of the solution contaming salt Thus 
far, the results would mdicate three taste quahties sweet, aad-salt and bitter 
But m other experiments von Fnsch found that starved bees show no better accept- 
ance of NaCl than when fully fed, although the threshold for rejection of qumme 
nses eight tunes and that for HCl by a factor of five Therefore, he conclud^ that 
salt represents a quahty different from either aad or bitter Furthermore, although 
there is no summation of repellency between qumine and aads, other bitter sub- 
stances, such as abm, arbutm, colocynthm and sahcm, are rendered more repugnant 
hy the addition of HCl, so that the categoty bitter is not homogeneous for the bee. 

It IS possible that mvestigations of this Lmd would reveal similarty complex relation- 
ships m man 


Other evidence as to the separation of the taste quahties m msects was provided by 
tter (122), who found that after amputation of the maxillary palpi specimens of 
ydrous piceus would still react to o 007 M HCl but not to salt, sugar or qumme 
®ioval of the tips of the labial palpi then abolished the response to acid although 
32 imais lacking both sets of palpi and the antennae stdl reacted positively to meat 
presumably via receptors m the mouth These observations would seem to set 
e aads apart from other taste substances for Hydrous but require remvestigation 
® wew of Bauer’s (9) findmg with the same and related speaes that amputation of 
a maxillary palpi left the gustatory' response to sucrose, etc , unaltered except for 
^ increase m threshold It 13 unfortunate that Bauer faded to comment on this 
“•^ancy between his results and those of Ritter 

leral of the observations above are rather difficult to reconale with the hypoth- 
^ put forward tentatively by Fnngs (54) that all specific tastes may be merely 
^ ui in a contmuous ^ectrum of taste sensation, the critical dimension of which 
^mvisioned as penetratmg power or some coUigative property "Wlide it is true 
^ general sweet substances are those which penetrate cells slowly, that some 
that ^J^uhs at low concentrations are acceptable to msects and sweet for man, 
salts transition from typical salty to bitter m the senes of morganic 

p ^ their ionic mobihties mcrease, and that the most mobile cation, H+, is the 
factor m the sour taste, such facts as summation of certam types of chem- 
" ^’^t not of others, the apparent groupmg by conditioned msects of chem- 
tion^f eompounds or of those which taste alike to man and the sharp locahza- 
Pronoc(^°*^ feception alleged to occur m Hydrous do not fit easdy mto the scheme 
lugb d ^ other hand, the experiments of AUen and Wemberg (4) reveal a 
^tordependence among the four receptor types m man and thus raise 
^k>stra ^ ^ whether the concept of a pure primary taste sensation may not be an 
fBesen 77A) There are also anomabes m human taste, such as 

>cms aroused by alkalis, borax, hydrogen peroxide, gmger, menthol and some 
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metallic salts, not all of which are readily assigned to one or another combmation of 
the recognized primary quahties (Moncneff, 108) The mvocation of thermorecep- 
tors, tactile receptors and the common chemical sense to explam such aberrant 
phenomena is not wholly convmcmg m the absence of experimental evidence that 
they are actually concerned In the cat, Pfhffmann (115) was able to disUnguish 
only three types of taste fibers Individual fibers of one type responded to aad 
stimuh (and to KCl), of another to.aads, NaCl, NaAc, KCl, and CaClj, and of a 
third to acids and qumme Among the several students of vertebrate gustabon 
who have used electrical methods, only Zotterman (154) succeeded m obtammg a 
smgle fiber response to stimulation with sugar solutions, and this m onlj one mstance. 
This suggests that most of the nerves which mediate the sensation ‘sweet’ in the 
vertebrates, like the chemoreceptive fibers of msects, may give rise to potentials too 
small for recording with present methods The imphcation of the other observations 
above is that the entire question of the physiological basis for the modahties of taste 
stands m need of much fuller mvestigation than it has yet received, m man as m the 
msects, so that an hypothesis such as that of Fnngs may yet have value, even if it is 
only that it will stimulate work along these hnes Among the msects, further expen 
ments with conditioned responses and more studies on the mteraction of diverse 
stimuh should be productive pendmg the development of methods for a more duect 
attack on receptor function 

S Stmtthiion in Relaiton to Chtmtcal and Physical Properties 

According to available data about 310* compounds have been presented eiper- 
imentally to the contact chemoreceptors of msects Of these, some 46 are sugars or 
sugar derivatives, 31 of which have been found acceptable to one or another speaes 
With few exceptions the remamder, which mclude unacceptable sugars and related 
compounds, alcohols, aldehydes, alkaloids, amides, ammes, ammo aads, bromo- and 
dilorohydrms, carbitols, cellosolves, esters, ethers, fats and oils, fatty and mineral 
aads and their salts, glycols, glycosides, ketones and pro terns, plus a few miscellaneous 
<ychc compounds and synthetic sweetenmg agents, are all rejected actively if pre* 
seated m sufficient concentration Of this array, the aads and salts, at low concen- 
tration, are sometimes taken m preference to plam water or dilute solutions of sucrose 
(cf , e g , Butler, 21 , Frmgs, 54), so that they alone exhibit a double modahty, bemg 
acceptable m one range of dilutions and rejected at higher concentrations Several 
fats, oils and protems release a bitmg response m wireworms (136) and would doubt- 
less be acceptable to vanous other msects Exceptional behavior toward certain 
compounds is occasionally encountered Thus, saturated solutions of NaCl were 
accepted by some butterffies (142) and by Calhphora erythrocephala (76), as by certam 
giecies of caterpillars (44) Cecropia larvae took sbychnme freely when it was 
placed on the leaves of theur food plant (53), and there are of course many similar 
examples of the mgestion of toxicants, not considered here, to be found m the htera- 
ture on msect control 

1 This estimate excludes the several thousand oigamc substances which were screened as potmUal 
insecUddes and repellents by vanous agenaes, pnnapally the XJ S Department of Agriculture, 
during the war A full report on these testa has not yet been made pubhc 
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Concerning the manner m which chemoreception m msects is related to the physical 
and chemical characteristics of the stimulating compounds httle more is known at 
present than m the case of the vertebrates However, msects offer certam advan- 
tages m studies of this sort, such as the accessibihty of the sensory organs, the possi- 
bihty of avoidmg the comphcations of sahvary and nasal secretions and the availa- 
bility of statisbcally useful numbers of animals, which mvite more attention than 
the group has been accorded m the past. The fact that the basic features of gusta- 
tion and olfaction m msects now appear to be not too different from those of the 
analogous processes m man should also encourage greater use of this advantageous 
material for fundamental studies of cbemosensory function, the more so smce the 
results may be expected to find imm ediate apphcabon m the fields of preventive 
medicme and agriculture through the development of improved msect attractants 
and repellents Recent experiments on contact chemoreception m msects which 
bear on the problem of the relationship between chemical and physical properties, on 
the one hand, and stimulatory effect, on the other, are summanaed below 
Acceplabh compounds Smce von Fnsch (63) reviewed the subject, work on the 
sugars has been amplified prmapally by the studies of Haslmger (76) with blowflies, 
Bauer (9) with water beetles, Schmidt (126) with ants and Thorpe el al (136) with 
wireworms It is now dear, as Weis (142) had already demonstrated for butterflies, 
that many msects accept a wider vanety of sugars than bees, and that there is no 
hard and fast correlation between what is acceptable and what is nutntious Equally 
dear, unfortunately, is the fact that no information has been obtamed which would 
penmt a revision of von Frisch’s condusion that the factors mvolved m stimulation 
by sugars, m msects as m other animals, simply do not reach expression m our struc- 
tural formulae 

Unacceptable compounds Somewhat more encouragmg progress has been made 
m the fidd of the unacceptable For several senes of salts with a common anion 
(acetates, broimdes, chlondes, iodides, nitrates and sulfates), Fnngs (54) has shown 
that the effiaency m stimulation may be correlated directfy with the mobilities of 
the cations, mdudmg H"*" These studies, conducted on the mouthparts of the 
Amencan roach, were an outgrowth of earher work on oral reception m Cecropia 
larvae (53), m which s imil a r results were obtamed, and have been extended by Fnngs 
and O’Neal (55) to the legs of the horsefly, Tabanus stdctjrons, and by Dethier (40) to 
the ovipositors of parasitic Hymenoptera The relationship thus appears to be of 
rather general vahdity among msects and, accordmg to Fnngs, is m substantial 
agreement with most of the data reported m the hterature for chemical stimulation 
of other animals by the senes of cabons employed (Lr*" < Na+ < Mg++ < Ca++ = 
^ Cs*' •= Rb+ < NHi+ < < < H+), mdudmgtheirgustatoiyeffectmman 
As pomted out by Fnngs, the order of effecbveness of the salts is also that of their 
parbbon coefBaents, which parallels that of ionic mobihbes (no) The exact modus 
operandi of sbmulabon by cabons thus remains m doubt, smce either penetrabon or 
adsorpbon at a hpoprotem mterface would fit the facts (and as yet it is not known 
that either occurs), however, it is a step forward to have related their stimulatory 
effects quanbtabvely to some definite physical property In regard to the anions 
the Eituabon is more dubious The work of Frmgs (54) establishes the followmg 
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empirical order of effectiveness POr~“ <Acr <SOr“ ■= Cl" g Br- < 1 “ <N 0 j- 
< < < 0 H“, for which there is at present no obvious physical basis, it is to be hoped 
that further studies will shed hght on this question, and on possible summation or 
antagonism between 10ns of the same and of opposite sign 

Progress has been reported also m work with organic compounds Usmg flies 
which had been desensitized to odors by removal of the antennae and labella, Dethier 
and Chadwick (42) measured rejection thresholds for a senes of ahphatic alcohols by 
presen tmg the compounds to the tarsi m o i M sucrose Exceptionally hij^ correla 
tions were found between the stimulatmg power of the compounds and such properties 
as boihng pomt, molecular area, od-water distribution coeflflaents, molecular mo- 
ments, vapor pressures and activity coeflflaents Molecular weight, number of 
carbon atoms and osmotic pressure were e limin ated from consideration m part by 
the use of isomers, which proved usually to have different thresholds, while the 
correlation with vapor pressures was mverse It was concluded that surface energy 
relationships must be mvolved m stimulation Similar studies now under way with 
aldehydes, ketones, glycols, bromo- and chloro-hydnns, cellosolves, carbitok, amines 
and amides have so far given concordant results, but the data are still mcomplete 
Tests with a number of fatty aads mdicated that while the H ion is the pnnapal 
factor m stimulation with compounds of this type, a contribution is made also by 
the anion(s) or undissociated aad and that thus component is effective m mverse 
proportion to the hydrophile nature of the molecule (22) The relationship is thus 
very similar to that found with the same class of compounds for human taste (cf , 
e g , Taylor el al , 132) and for their penetration mto other organisms (e g , Crazier, 
28) 

Though all evidence at present available pomts to the importance of free energy 
relationships m the hmitmg process m contact chemical stimulation, a more exact 
definition of the mechanism is impeded by gaps m information relative to the physical 
characteristics of the compounds tested, by the lack of knowledge as to the nature 
of the receptor surface and by our complete ignorance of the essential features of the 
stimulatory event. Another obstacle is that the techmques at hand limit the m 
vestigations largely if not entirely to compounds soluble m water or m dilute sucrose, 
so that m most homologous senes only a few members can be exammed although it is 
recognized that many organic hquids, nearly msoluble m water, are highly stunulatmg 
when apphed m the undiluted form As mdicated m a study of the glycols (43)1 w 
which it proved feasible to measure rejection thresholds for compounds with an 
average molecular weight as great as 1540, the possibihty must be reckoned with 
that curves which appear Imear when based on only the first few members of an 
homologous senes may prove to have a different order of complexity when extended 
1 to mclude molecules of greater size 

At present, the one relationship which appears to reconcile all the known facts 0 
contact chemoreception m msects, mcludmg those denved from studies of morganic 
electrolytes, is between stimulatmg eflflaency and hpid solubihty or oil-water dis- 
tribution coeffiaents Unfortunately it is just m this area that reliable phj^ica 
data are lackmg for many of the compoimds tested, and the existence of a hpoi 
layer or hpo-protem mosaic at the surface of or withm the receptors is still who y 
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hypothetical, plausible though it may be m view of recent work on the general 
surface of the insect cuticle (10, 147, 148) Exact studies of the constituents and 
structure of the receptor surface are urgently needed 
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USE OF LGCROORGANISMS FOR ASSAY OF VITAMINS 

ESMOND E SNELL 

From the Department of Biochemistry, College of AgncuUitre, UmversUy of Wtsamstn 

MADISON, -WISCONSIN 

T he eeesent -widespeead use of microorgamsms for the detennmatioii of th 
water-soluble -vitamiiis represents a practical appbcation of an essentially 
academic stud}" — the nutnti-ve reqmrements of microorganisms Of necessity, 
microbiologists were, until recent years, more mterested m the development of prac- 
tical media, concocted from crude materials, which would permit contmued growth 
under laboratory conditions of the -vast numbers of different organisms found m 
nature, than they were in definmg the exact nutntii e requirements of these cultures 
Isolated and sporadic investigations of the latter subject were mdeed made, especially 
with yeast, but serious mvestigation of the subject has been undertaken only withm 
the past fifteen years This period of mtensiie mvesbgabon thus comaded with 
that during which rapid advances m knowledge of animal nutrition were bemg made. 
As has been pomted out elsewhere (1-3) the resultmg cross fer tili zation between the 
two fields has immeasurably speeded development of knowledge m both fields It 
was found, m brief, that the mtamins required by anunals and the growth factors 
required by cer tain microorganisms were, m many cases, identical Demonstration 
of the essential nature of some of these substances for growth (e g , thiamine, ribo- 
flavin, pyndoxme, chohne) was made primarily -with annuals, of others (e g , mositol, 
biotin, pantothemc aad, pyndoxal, pyndoxanune, p-ammobenzoic aad) primarily 
with microorganisms Both animals and microorganisms are mextncably mvolved 
in the early history of nicotmic aad and fohc aad 
For each of the B'-vitamms known to be required for growth of animals, there arc 
thus kno-wn several different rmcroorganisms which also require that vi tamin for 
growth In many cases (e.g, biotm, 4, pantothenic aad, 5-7, fohc aad, 8-11, 
inositol, 12), the gro-wth responses of such organisms were adapted to promde a quan- 
titative or semiquantitative measure of the amount of the growth factor present even 
before the responsible factor was identified, and this measure was used to guide the 
course of concentration from natural materials m the mitial isolation of these sub- 
stances It IS from such procedures, used to identify the growth factors essential 
for the vanous test organisms, that our present microbiological assay methods have 
developed 

In theory, any rmaoorgamsm which, under a specified set of conditions, requires 
addition of a -vitamm to the culture medium for growth, might be used for the esti- 
mabon of that -vitamin m natural materials Examination of known nutritional 
requirements of miCToorganisms (reviews 3, 13, 14, 15) reveal large numbers of differ- 
ent organisms which imght be thus used for almost anv of the known -vitamms In 
practice, however, comparatively few groups of organisms ha-ie been thus used 
Vanous microbiological assay methods which have been proposed for mdi-vidual 
vitamms are listed, together with madental informatioii about the methods, m tables 
I, a and 3 It -will be observed that the majonfy of methods utilize lactic aad bac- 
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tena as test organisms Yeasts and Netirosfora mutants are also widely used The 
extensive use of lactic aad bacteria for such assays is due in part to the historical 
accident that knowledge of their nutntional requirements was suffiaently advanced 
to permit apphcation to bioassay at a tune when need for such procedures became 
most acute Consequently, they were among the first organ i s m s to be thus apphed 
Hie specific and complex nature of their nutritional requirements, their rugged 
nature, and the fact that their growth could be easily followed either by turbidimetnc 
means or by titration of the lactic aad produced durmg growth, have served to keep 
this group of organisms foremost among those used for assay both of vitamms (3, 13) 
and of ammo aads (reviews 96, 97, 98) Yeasts and Netirospora mutants have pro- 
vided not only excellent alternative methods for some of the vitamms required by 
lactic aad bacteria but are apphcable to the detenmnation of certam vitamms not 
requued for growth of the latter organisms 
In addition to the ongmal descriptions of the various proposed microbiological 
methods referred to m tables i to 3, many of these procedures have been critically 
discussed and described in detail or m summary form in recent monographic treat- 
ments (99-101) Except for illustrative purposes, the present review will avoid these 
technical details and will attempt, rather, to present the basic mformation necessary 
to the development, understandmg and evaluation of vanous assay procedures 
Before this can be done effectively, it will be necessary to have m mmd the general 
procedure used m carrying through a microbiological assay 
In general, the procedure used m each of the assay methods is similar The es- 
sential steps, common to all methods, but modified m detail accordmg to the test 
organism bemg used and the vitamm to be detenmned, can best be illustrated by a 
brief desorption of an actual example For this purpose, the microbiological method 
of Snell and Strong (42) for riboflavm will serve This procedure was the first micro- 
biological method for the routme detenmnation of a vitamm m natural matenab to 
achieve widespread use and general acceptance The use of lactic aad bacteria for 
such assays, and many of the general techmques so widely followed today, were m- 
troduced with this method, itself an adaptation of earher procedures used m studymg 
growth factor requirements of these organisms (3, 6, 95) The history, procedural 
details, range of applicabihty and evidence for the speofiaty and vahdity of this 
method have been considered m detail elsewhere (100-102) 

The test organism, LadobactlUts casn, is earned as stab cultures by monthly trans- 
fer m a yeast dextrose agar Such cultures are meubated at 37°C for 24 to 48 hours, 
or until good growth along the hne of the stab is visible, and are then held m the 
refrigerator for the remamder of the mterval between transfers About 24 hours 
before an assay is to be made, a transfer is made from this culture to a tube of sterile 
moculum medium This consists of the nboflavm-defiaent basal medium supple- 
mented with riboflavm (i 7 per 10 cc.) This moculum culture is then meubated 
at 37° C until used 

The assay is con\ eniently earned out m 16 x 180 mm hpless test tubes, held m 
one or more metal racks which are easily autoclaved To one senes of tubes, m- 
creasmg amounts of a standard solution of riboflann (from o to o 25 7 m mcrements 
of about o 05 7) are added To other similar senes, maeasmg amounts of extracts 
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tena as test organisms Yeasts and Netirospora mutants are also ividely used The 
extensive use of lactic aad bacteria for such assaj's is due in part to the historical 
acadent that knowledge of their nutritional requirements was suffiaently adv’anced 
to permit apphcation to bioassay at a time when need for such procedures became 
most acute. Consequent!) , they were among the first oiganisms to be thus apphed 
The specific and complex nature of their nutntional requirements, them rugged 
nature, and the fact that their growth could be easily followed either by turbidimetnc 
means or by titration of the lactic aad produced durmg growth, have serv^ed to keep 
this group of organisms foremost among those used for assay both of vitamms (3, 13) 
and of ammo aads (reviews g6, 97, 98) Yeasts and Neurospora mutants have pro- 
vided not only excellent alternative methods for some of the vitamins required by 
lactic aad bacteria but are apphcable to the determmation of certam vitamins not 
required for growth of the latter organisms 
In addition to the original desorptions of the vanous proposed microbiological 
methods referred to m tables i to 3, many of these procedures have been cnbcally 
discussed and described m detail or m summary form m recent monographic treat- 
ments (99-101) Except for illustrative puiposes, the present review will avoid these 
techmcal details and will attempt, rather, to present the basic information necessary 
to the development, understandmg and evaluation of vanous assay procedures 
Before this can be done effectivelj, it will be necessarj’- to have m mind the general 
procedure used m canymg through a microbiological assay 
In general, the procedure used m each of the assay methods is similar The es- 
sential steps, common to all methods, but modified m detail accordmg to the test 
organism bemg used and the vitamm to be determmed, can best be illustrated by a 
bnef description of an actual example For this purpose, the nucrobiological method 
of Snell and Strong (42) for riboflavm will serve This procedure was the first micro- 
biobgical method for the routme determmation of a vitamm m natural materials to 
achieve widespread use and general acceptance The use of lactic aad bacteria for 
such assays, and many of the general techmcjues so widely followed today, were m- 
troduced with this method, itself an adaptation of earher procedures used m studymg 
growth factor recpurements of these organisms (3, 6, 95) The history, procedural 
details, range of appkcabflity and evidence for the speafiaty and vahdity of this 
method have been considered m detail elsewhere (100-102) 

The test organism, Lacldbaallm casei, is earned as stab cultures by monthly trans- 
fer m a yeast dextrose agar Such cultures are meubated at 37°C for 24 to 48 hours, 
or until good growth along the hne of the stab is visible, and are then held m the 
refrigerator for the remamder of the mterval between transfers About 24 hours 
before an assay is to be made, a transfer is made from this culture to a tube of sterile 
moculum medium This consists of the liboflavm-defiaent basal medium supple- 
mented with riboflavm (r 9 per 10 cx: ) This mooilum culture is then meubated 
^t 37° C until used 

The assay is conv emently earned out m 16 x rSo mm, hpless test tubes, held m 
one or more metal racks which are easilj autoclaved To one senes of tubes, m- 
creasing amounts of a standard solution of riboflavin (from o to o 25 9 m mcrements 
of about o 05 9) are added To other similar senes, maeasmg amounts of extracts 


TABLE 3 Vitamin assay methods hsino molds and miscellaneous microorganisms 


260 


ESMOND E SNELL 


Vctume 2S 






TABLE 3 Vitamin assay methods usmo uouw and mkcexlaneods mickooeganisms 


260 


ESMOND E SNELL 


Vclume 28 




April xp4S 


jnCROORGANISMS FOR ^SSAY OF VITAMINS 


263 


similar assay These are a) preparation of media for carrying stock cultures and 
mamtenance of these cultures, 6) preparation of the ntainin-defiaent basal medium, 
c) preparation of inoculum medium and of the inoculum culture, d) extraction of the 
vitamm from the sample preparatory to assay, e) setting up the assay, f) sterilization 
of the assay tubes and media, g) moculation with the test organism, h) mcubation, 

i) determination of response to the vitamm and the vitamin-con taming extracts, and 

j) calculation of the results 

The complexity of this senes of steps is such that the end result may be influenced 
by the manner m which almost every operation of the procedure is earned out. In 
many (perhaps most) cases, the effect of variation m procedure at any of the vanous 
steps has not been studied Conditions have been selected which appear optimum 
and which give consistent results The fundamental assumption is made that any 
uncontrolled variations m procedural details which occur under conditions of normal 
practice will affect the response of the test organism alike to standard and sample, 
and hence will not materially affect the accuracy of the assay result. Certainly, m 
most cases, this assumption appears to be borne out m practice It will, however, 
be useful to pomt out mstances m which variation at the vanous stages of an assay 
are known to affect the results obtamed 

PHYSIOOCHEKICAI. EEQtnEEMENTS FOR GROWTH OR THE VARIOUS ASSAY OEGANISliS 
Stqis (a) through (c) of the above generalized procedure mvolve knowledge of the 
nutnbonal requirements and general cultural conditions necessary for growth of the 
vanous test organisms Of the three widely used groups, Neurospora has the simplest 
nutntional reqmrements Butler, Robbms and Dodge (104) and Beadle and Tatum 
(105) showed that wild type strams of this organism required biotm as the sole growth 
factor of vitamm-like nature, and that if this were supphed, these organisms grew 
wdl on a medium contaimng a carbon and energy source (e g , sucrose), an morganic 
source of nitrogen (ammomum salts) and several morgamc salts Such wild types 
could, of course, be used only for assay of biotm The present use of these organisms 
for assay stems from the work of Bradle and Tatum (105) who showed that, by ir- 
radiation with X-rays or ultraviolet light, mutant strams of the organism could be 
derived which were unable to synthesize other vitamms or ammo aads and therefore 
requued addition of these substances to the minimal basal medium for growth In 
a recent tabulation. Beadle and Tatum (106) list mdrvidual mutants which require, 
in addition to biotm, one of the followmg vitamins thiarmne, riboflavm, vitamm Be, 
mcotmic aad, piantothenic aod, p-armnobenzoic aad, mositol and cbohne Thus all 
of the presently characterized B-vitamms, fohe aad excepted, could be deteniuned 
with these organisms, if desired As is apparent from table 3, several such apph- 
cabons have been made 

Somewhat more complex nutritionally are the vanous yeasts The nutntional 
requirements of these organisms have been extensively mvestigated Inositol (12), 
thiamme (107), biotm (4), pantothemc aad (5, 108) or its cleavage product, ) 3 -alanme 
(109), vitamm Bj (no, nr, 48) and nicotmic aad (71, 112, 113) have been identified 
us necessary or stimulatory for vanous yeasts Different spieaes or strams of yeast 
require different combmations of these six vitarmns for growth As an example, the 
work of Burkholder el al (71) may be ated Of 163 strams of yeasts belongmg m 



362 


ESMOND E SNELL 


Velumi iS 


of the various samples are added in volumes (<5 o cc ) considered by approxunation 
to furnish amounts of the vitamui between o 05 and o 25 7 AlU tubes are diluted 
with distilled water to 5 cc , then 5 cc of the double strength, riboflavin-defiacnt 
medium are added The tubes are plugged with cotton or otherwise appropriately 
covered and sterilized by autoclavmg at 15 pounds pressure for 15 minutes After 
coohng to body heat or below, each tube is inoculated with one drop of the turbid 
moculum culture The racks are then mcubated at 37° C The response to nbo- 
flavm may be measured turbidunetncaJly after 24 to 30 hours mcubation, but is more 
commonly determined by titratmg the lactic aad produced after 72 hours mcubation 



To obtam the assay results, a standard curve is commonly plotted relating the 
response of the test organism (m turbidity units or cubic centimeters of alkali used 
m titration) to the concentration of riboflavm The lower curve of figure i is an 
example of such a standard curve The nboflavm content of the various ahquots 
of sample used may be obtamed by interpolating the resjxmse obtamed m tubes con- 
tammg these ahquots onto the standard curve Results falhng outside the assay 
range (o 05-0 25 y of nboflavm per tube) are discarded At least three different 
sized ahquots of the sample should contam amounts of nboflavm withm this range. 
The nboflavm content of the sample is then calculated from that of each aliquot 
The figures obtamed should agree withm ±10 per cent and should show httlc or no 
tendency to mcrease or decrease regularly with mcreasmg size of the ahquot (‘drift’ 
see further discussion below) If the values meet these conditions, they are averaged 
to obtam the final result 

From this example we may now outhne the essential steps mvolved m this or any 
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rapidlN dropping to le\ els vrluch rrould inhibit growth {\'ai3'ing with different organ- 
isms fom pH 3 o to about 4 3 (116)), buffers must be added to the assa}’- medium 
Some of the organisms (e g , SirepSococcus ladfs, Leuconostoc vtesenlermdes) are in- 
hibited by much smaller h3Tirogen ion concentrations than are others (e g , Laclo- 
hadlius arabitwsiis, L casei, L delbruechi), so that to achieve high aad production 
bj the former group it is necessary to pay careful attention to the type and amount 
of buffer present. In a nutntionally adequate medium, the amount of aad produced 
by a given organism can often be mcreased by mcreasmg the amoimt of sugar, or of 
buffer, or both 

Other important factors to be controlled m use of organisms for quantitatii’e assay 
wort are the temperature of growth and the mibal pH of the medium It has been 
general practice to mcubate assa5^ at the assumed 'optimum temperature’ of the 
test organism, although this temperature has never been accurately determmed under 
assay conditions, and may well vary with 'the same organism when used m different 
basal media with different hmitmg nutrients Such comparisons as have been made 
{e.g, 117, 118) mdicate that the exact temperature selected for mcubabon is not of 
cmaal unportance, so long as it hes reasonably near to the optimum temperature, 
m a range which permits good growth of the test organism Smce the rate of groirth 
of an organism is a function of temperature, it is important that the temperature 
selected for mcubation be main tamed constant throughout the area occupied by the 
assay x essels Temperatures most estensi% dy used with various lactic aad bacteria 
are from 30 to 37°C , inijung somewhat with the organisms Yeasts and Neurospora 
are most commonlj incubated at 3o°C , although lower temperatures have some- 
tunes been used, especially with the former organisms 
The optimum pH for growth of most lactic aad bactena is stated to he between 
S 5 and 6 5 (119, 120) Smce some aad production occurs durmg autoclanng, the 
imtial pH of the medium should be somewhat higher than this, 6 8 to 7 o (119), and 
this IS common practice. Like other fungi, yeasts and Neurospora grow over a wide 
range of hydrogen ion concentrations Ordmanl3', the initial pH of the media used 
with these organisms is about 5 o 

TOth this basic mformation about the nutnti\ e requirements of cultures m mmd. 
It IS possible to proceed to consideration of the mdividual steps mvolved m rmcro- 
biological assay, enumerated earher 

A Carrytng stock cultures of lest organisms In all cases, it is essential that pure 
cultures of the test organism be mamtamed If, after a period durmg which success- 
ful assaj's have been obtamed, sudden transition to irregular behavior is noted, the 
punty of the stock culture may be suspected For carrjong cultures, the customary 
media and procedures long followed b}’’ bacteriologists suffice Although, m tracmg 
the history of the use of an mdividual organism for assaj^, it will often be found that 
modifications m the composition of the medium for canjong stock cultures have been 
mtroduced, these haie usually been made arbitxanlj , on a prion grounds, and ha\e 
not been shown to result m unproved assaj's In a recent study (121), however, it 
was found that the magnitude of response of two commonlj'^ used assay organisms, 
LactohanUiis arabinosus and LactokaciUns casei, to limi ting amounts of nicotmic aad 
or of riboflavm, decreased after long penods of time if these organisms were trans- 
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no named speaes and varieties, 86 retpured one or more of the six vitamins men- 
tioned above, as follows biotm, 78, thiamine or its spht products, 33, pantothenic 
aad (or ^-alanme), 30, mositol, 15, nicotmic aad, 13, vitainm Be, 13 Some speaes 
required no vi tamin s at all (e.g , Hansenula lambica), others required all of the six 
vita mins (e g , Kloecteera brans Between these two extremes, other speaes required 
from one to five vitanuns m 18 different combmations Only a single yeast, Rhodo- 
torula auraniuica, has been found which requires p-aminobeuzoic aad for growth 
(114), and none are yet known which require nboflavm or fohc aad 

In the presence of a complete assortment of vitamins, yeast, like Neurospora, will 
grow when furnished with the appropriate morganic salts and a fermentable carbo- 
hydrate (e g , glucose or sucrose) Ammonium salts are a commonly used nitrogen 
source Although good growth can be obtamed on such Tninima] media, and no 
yeasts have been reported to require preformed ammo aads, it is found quite gener- 
ally that addition of ammo aads often improves growth considerably (71, S 3 i 
For this reason, protem hytirolysates are often added to assay media employing 
yeasts as the test organisms 

By far the most complex nutritionally of the microorganisms used for bioassay are 
the lactic aad bacteria The nutritional requirements of those members of the 
group which are used for assay are fairly well known and have been summarized else- 
where (3, 13, 96, loi) Vitamins required for growth mclude biotm, fohc aad, nico- 
tmic aad, pantothemc aad, nboflavm, thiamme, vitamm Bj and p-ammobenzoic 
aad No known culture requires all of these Those with sunpler reqmrements, 
such as L arabttwsiis, require only biotm, mcotmic aad and pantothenic aad, others 
with more complex requirements (fig, L caret) may require m addition fohc aad, 
nboflavm and vitamm Be Other combmations of requirements also exist No 
organisms of this group are known which require mositol or chohne for growth 

In addition to vanous vitamins, these organisms require a vanable assortment of 
ammo aads, certam purme and pynimdme bases, a fermentable carbohydrate and 
certain mmeral salts for growth Under defined conditions, many cultures are stimu- 
lated by substances which are still imidentified 

To obtam good growth of any of these organisms, it is necessary to satisfy other 
physiological requirements Thus, yeasts and Naerospora grow best under aerobic 
conditions Stock cultures of these organisms are therefore earned on agar slants, 
exposed to air In assay work, similarly, these organisms are cultured m vessels 
where the ratio of surface to volume of the culture medium is high, to permit ready 
access of air Alternatively, with yeasts, where the procedure does not mterfere with 
subsequent determmation of growth, aeration may be effected by active shakmg 
dunng the course of mcubation 

Lactic aad bacteria, on the other hand, grow essentially anaerobically, although 
email amounts of air are not toxic, that is, these organisms are microaerophihc or 
facultatively aerobic (103) Aeration by shakmg or exposure of large surfaces to air 
IS generally deletenous For this reason, stock cultures are earned as stabs m agar, 
and for assay purposes, ordmary test tubes serve well as contamers smee the organ- 
isms grow well throughout a deep tube of medium These organisms produce large 
amounts of lacUc aad dunng growth, and to prevent the pH of the medium from 
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mcubatloa penod, and with samples low m the substance bemg detcnmned or high 
m other growth stimulants not present m the medium. Where possible, of course, 
the most satisfactory way to eliminate the effects of growth stimulants present m 
samples for assay is to add these to the basal medium, either as pure compounds or 
as crude extracts suitably freed from the vitamin to be determmed 
Examples m support of the above general statements may now be ated In assay 
of vi tamin Bj m yeast extract with Sireplococcus faecalts, Rabmowitz and Snell (23) 
noted high results foUowmg mcubation penods of 12 to 20 hours If the mcubation 
penod was extended to 22 hours or longer, constant assay values of the proper magni- 
tude were obtamed The effect of stimulatmg substances present m the extract but 
not m the medium, and which contnbuted to the value found for vitamm Be after 
short mcubation penods, was ehmmated by extendmg the mcubation penod It is 
well known that fatty materials markedly mterfere with the determmation of ribo- 
flavm and pantothemc aad with lactic aad bacteria (122-125) These effects are 
prevented by removmg them from the extracts, either by filtration at pH 4 5, by ex- 
traction with ether, or both (122, 125) Skeggs and Wngjit (40) have shown, how- 
ever, that It IS also possible to avoid these effects (m pantothemc aad assay with 
LactobaaUus arabinosus) by addmg oleic aad to the assay medium An additional 
instance of the same nature is afforded by observations of Stokes ei al (87) that the 
presence of thiamine m extracts stimulated reqionse of Neurospora stlophtla ‘pyn- 
doxmeless’ to vitamm Bj, with consequent high results These authors avoided this 
source of error by destroymg the thiamin e m each sample by sulfite treatment, a 
procedure which left the vitamm Bj imdamaged Tatum el d (73) showed that 
mterference from this source could also be ehmmated by the simple expedient of 
addmg an excess of thiamin e to the basal medium 
In attemptmg to improve previously devised basal media, it has often been assumed 
by mvestigators that any modification which will penmt mcreased growth (or aad 
production, etc ) of the test organism m the presence of an excess of the vitamin to 
be determmed will mcrease the speafiaty or accuracy of an assay method, mere 
obtention of such mcreased growth has been deemed suffiaent to prove the modified 
medium to be an ‘unproved’ medium for assay Although, m some cases, the as- 
sumption appears logical, m no case have the necessary data to prove it been pub- 
lished In an mvestigation bearing on this pomt, Roberts and Snell (21) devised a 
medium which permitted more rapid growth and higher aad production by Lacto- 
baciUus easel m reqionse to added riboflavm than did the widely used medium of 
Snell and Strong (42) The dose respionse curv'es obtamed m parallel trials on the 
two media are shown m figure 1 Despite the more luxuriant growth obtamed m 
the modifietl medium, a senes of parallel assays on the two media gave identical 
results, withm experimental error of either method The modified medium did 
permit assayis to be obtamed m less tim e, however A similar result was obtamed 
by Sarett el d (31) m comparati\*e assays for mcotmic aad with three different assay 
media In a thud mstance, it -was found (53) that supplementation of a previously 
densed assay medium for biotm (52) with hydrolyzed casern considerably maeased 
the range of concentration oi'er which growth of yeast depended on the biotm con- 
centration In the modified medium, the amount of growth obtamed and the assay 
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ferred monthly m a yeast extract-dextrose-agar, as is common practice Such cul 
tures could be ‘rejuvenated’ by a senes of transplants m an ennched medium con- 
tammg peptones and a bver extract. 

In an mdependent mvestigation (46) de alin g with thiamme assay with LactO' 
bacillus fermenit, the customary yeast-glucose-agar was recommended for canying 
this culture In subsequent assays conducted much later, it was noted (47) that 
excessive growth occurred m assay tubes contammg no added thiamin e This was 
attnbuted to development of a limi ted capaaty of the test organism to synthesize 
thiamine when earned m a thiamme-low medium This tendency was e limin ated by 
ennehmg the medium used with an excess of thiamme (47) 

Such experiments illustrate that the medium m which stock cultures are earned 
may affect assays subsequently earned out with the assay organisms, and pomt to 
the possibdity of unprovmg some methods by systematic mvestigation of this neg- 
lected aspect of the overall procedure It nught be s imilar ly expected that frequency 
of transfer, mcubation temperatures, etc , might s imilar ly affect subsequent growth 
behavior Agam, these factors have not been mvesbgated 

Recently, it was found possible to use lyophihzed cultures of microorganisms as 
moculum for certam assays (121) If generally successful, such procedures would 
reheve laboratones conductmg occasional assays of the burden of carrymg stock 
cultures and would make piossible use of an moculum of constant physiological ac- 
tivity from place to place and from time to time 

B Preparalton of the vUamin-defictent basal medium The nature of the vitamin- 
free basal medium is certamly one of the most important smgle factors which de- 
termme the accuracy of an assay methcxl It is not surpnsmg, therefore, that suc- 
cessive modifications of a method, which appear after its mtroduction, are most 
frequently concerned with the nature of the basal medium What, then, are the es- 
sential characteristics of a satisfactory basal medium? It must, of course, be free of 
the substance to be determmed It must also be suffiaently complete, m a nutri- 
tional sense, so that addition of the sample, m the amounts necessary for assay, will 
not supply substances other than the essential vitamm which mcrease or decrease the 
amount of growth (or other measured quantity) obtamed at the end of the recom- 
mended mcubation period Fmally, the amount of growth (or other product) pro- 
duced by additions of graded amounts of the vitamm must be suffiaent for accurate 
measurement by the method adopted 

The adequacy of a basal medium for assay thus carmot be judged apart from other 
experimental details A basal medium, which, when supplemented with the missmg 
essential nutrient, contams aU of the substances essential for growth, but is lackmg 
m one or more substances which markedly stimulate rate of grow th, may give very 
satisfactory assays if the penod of mcubation is suffiaently long to ehmmate the effect 
of nonessential growth stimulants, so that the essential substance being assayed is 
the only substance hmitmg growth Such a medium wdl also be satisfactory for 
assaymg samples which are nch m the vitamm to be determmed and hence are added 
m amounts too small to supply mterfermg materials Satisfactory assays can also 
be obtamed by removmg the mterfermg materials from the extract bemg assayed 
Conversely, such a medium will tend to give erroneous results if used with a short 
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(particularly pantothemc aad, biotin and folic aad), the celk may store suffiaent 
amounts of the vitamin so that subsequent use of heavy mocula results m consider- 
able growth m unsupplemented assay tubes This can be prevented by usmg a 

TABLE 4, CouPASATivE assay mttita toed poa DETEEinNAnoN or biotin wuh DHTEaENx 


TEST 0B0ANISU5 


COKSTtrQZKT 

LadclceXilt 

arabinoaa 

an 

Sutiofoayca aremict 

Ntampm 

emua 

(M) 

(S3) 

(H) 

Aiaoimt per 100 cc. ol double itnsttb medium 

Glucose 

4 0 gm. 




Sucrose 


3 4gm 

3 4gni- 

4 ogm- 

Add hydrolyzed casela (charcoal- 





treated) 

X 0 gm 

0 1 gm 



Ammonium sulfate 


0 s pu 

0 s gm 


Ammonium tartrate 




I ogm. 

Sodium acetate 

I 2 gm. 



1 

Aspartic add 


lyJBg 

17 mg 


Cyztme and tryptophane 

20 mg ea. 




Adenme, guanine, xanthine, uraol 

I omg ea. 




p-Ammobenzoic aad 

30 tig 




Calcium pantothenate 

300 fig 




^Alatune 



50 fig 


Inoatol 


goo fig 

900 fig 


Pyndoxine 

400 fig 

100 fig 

3/'g 


Nicotmic aad, riboflavin 

300 fig 




Thiamine 

300 fig 

100 fig 

3 i^S 


KJ£iaP 04 

100 mg 

340 nig 

340 mg 

200 mg. 

KiHPOi 

100 mg 




MgSOi 7Hrf) 

40 mg 

45 mg 

45 mg 

100 mg 

CaOj jHA> 


45 mg 

45 mg 

20 mg 

NHiNOa 




200 mg 

Trace elements 

1 

S 

s 

s 


* MnS04 aHjO, NaCl, FeSO« iHjO, 2 o mg each 

’ MnCIi, H»BOj, ZnSOi, TlCb, 180 pg each, FeCh, 90 pg, CuSO< sHsO. 18 pg each 

• NaCl, JO mg , B, i pg , Mo, Mn, 4 jig each, Fe, 40 /ig , Cu, jo jig , 2hi, 400 /ig 


diluted, washed moculum (e g , 21, 40) or by growing the moculum m a medium con- 
taming barely enough of the vitamin to be assayed to permit good growth In other 
(e g , riboflavm, nicotmic aad), large mocula may be used without danger 
of ‘carry over ' It is generally agreed that least ‘lag’ in growth of subsequent assays 
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range for biotm were both increased, the modification was therefore valuable since 
It increased the convenience of use The conclusion (53) that the modified method 
has mcreased specifiaty over the original method due to ehmmation of nonspecific 
stimulation which might result from the ammo aad content of samples would appear 
invahd, however, m view of comparative curves presented with the modified method, 
which showed that addition of excess hydrolyzed casern did not mfluence the response 
to biotm over the assay range used m the ongmal method 

Once a medium and technique have been devised which afford assays of proven 
accuracy over a cxmvenient concentration range with gradations of growth in an 
easily measurable range, it would appear that other data besides a demonstrated su 
penonty m the maximum levels of growth (or aad production, etc ) permitted by 
the medium should be required to prove the supenonty of a modified procedure 
This IS not to deny that an adequate assay medium should promote excellent growth 
when supplemented with the missmg vitamm, but merely to emphasize that the prime 
objective is not obtention of ma xim um growth, but rather of accurate and convenient 
assays, and that the two goals are not necessarily identical 

Fmally, it should be re-emphasized that m general, the complexity of basal media 
required by vanous organisms reflects the complexity of them nutntional require- 
ments This IS well illustrated by the (imposition of four assay media for biotm, 
given m table 4 , that used with LadobactUns arabiuosns is most complex, those used 
with yeast occupy an mtermediate position and that used with Neiirospora is sunplest 
Simphaty m mmimal nutntive requirement is no assurance, however, that sunple 
media will suffice for accurate assay of an essential nutrient m complex natural mix- 
tures Thus, Thompson et al (92) found a fairly complex medium necessary to 
permit accurate assay for p-ammobenzoic acid with Neiirospora crassa p-anuno 
benzoicless, and simple min imal media have not proved generally adequate for assay 
of vanous ammo aads required by certam Neiirospora mutants (126) Similarly, 
the early yeast growth method for pantothenic acid (5), by means of which panto- 
thenic aad was ongmally discovered, and which served admirably as a guide for 
purification and near isolation of this substance, is completely unsatisfactory for its 
routme determmation m natural matenals (36) because of the presence m these 
matenals of substances other than pantothenic acid which affect growth of yeast ui 
the mmimal media ongmaUy used Very satisfactory, though more complex, media 
for determmation of pantothenic acid m natural matenals with yeast have since been 
developed (58) 

C Preparation of the tnociilum medium and tnociiltim culture With lactic aad 
bactena, which are earned as stab cultures, it is necessary to grow an moculum cul- 
ture m hcjuid medium for use m moculatmg the assay tubes Most commonly, the 
vitamm-defiaent basal medium, supplemented with adequate amounts of the missing 
vitamm to support growth, is used for this purpose, although sometimes a special 
medium is used Almost no mformation is available concemmg the effect of vanation 
m composition of this medium on success of the subsequent assay Nebulous evi- 
dence suggests, however, that growmg the moculum m an 'ennehed’ moculum me- 
dium may produce unproved growth m the subsequent assay, due presumably to 
cany o\ er of stunulatmg factors not supphed by the basal medium In some cases 
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(particularly pantothenic aad, biotm and fohc aad), the cells may store suffiaent 
amounts of the vit amin so that subsequent use of heavy mocula results m consider- 
able growth m unsupplemented assay tubes This can be prevented by usmg a 

TABLE 4. CouPASAUVE assav usdia used tor riEiEainNATiON or biotin with ditfeeent 


TEST OKOANIBMB 


ooKfnruxKT 

LodehftciOui 

Ofabtnatus 

ill) 

Socthoremyus fsrnmat 

Nnrateta 

amsa 

(73) 

( 53 ) 

(H) 

AiDcmDt per 100 cc. ol doable ttrenxib medixua 

Glucose 

4 og™ 




Sucrose 


3 4 gm- 

3 4gm. 

4 ogm 

Aad hydrolyzed casein (charcoal- 



1 


treated) 

r o gm 

o z gm 



Ammonhnn sulfate 


o s gm 

0 s gm. 

I 

Ammonium tartrate 




r 0 gm 

Sodium acetate 

z s gm 




Asparbcaad 


17 mg 

17 mg 


Cystine and tryptophane 

20 mg ea. 




Ademne, guanine, xanthine, uraal 

I omg ea- 




p-Amlnobenioic aad 

20 pg 




Calaum pantothenate 

200 Mg 

50 Mg 



Alanine 

1 


SO Mg 


Inositol 


900 Mg 

900 Mg 


Pyndoxine 

400 Mg 

100 Mg 

3 Mg 


Ificotinlc aad, riboflavin 

200 ^g 




Thiamine 

200 Mg 

100 Mg 

3 Mg 


KHjBO. 

loo mg 

340 mg 

340 mg 

200 mg 

K.HPO, 

zoo mg 




MgSO, 7 H »0 

40 mg 

45 nig 

45 mg 

zoo mg 

CaCl, aH^ 


45 mg 

45 mg 

20 mg 

NHJIO, 




200 mg 

Trace elements 

1 

t 

t 

a 

• 






* MnS04 4250, NaCI, FeSOj 7H1O, i o mg each 

* MnQj, HjBOj, ZnSOj, TlCh, 180 fig each, FeCh, 90 Mg, CuSO< sHjO, KI, 18 pg each 
•NaCl, 30 mg ,B, 3pg ,Mo, Mn, 4;jg each,Fe,4o;jg , Cu, ao/ig ,Zn, 4oopg 


diluted, washed inoculum (e g , 21, 40) or by growmg the moculum m a medium con- 
taming barely enough of the vitamm to be assayed to permit good g rowt h In other 
assays (e g , nboflavm, nicotmic aad), large mocula may be used without danger 
of ‘carry over ’ It is generally agreed that least ‘lag’ m growth of subsequent assays 
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occurs if inoculation is made from moculum cultures which are m the actively grow 
ing, loganthmic phase (cf 41) 

With yeasts and Netirospora cultures, mocula are usually prepared directly from 
stock cultures by removmg a portion of growth (cells or spores, respectively) from 
a slant and suspendmg m water With the former organisms, it is now most common 
to use freshly prepared (1 e , 24 to 36 hours old) slant cultures for this purpose (e-g^ 
54 i 5^1 65)1 although older cultures will also serve (52) Further work on this phase 
of microbiological assay, to establish the preferable procedures, would hkely be worth 
while 

D Extraciton of the vitamin from the sample preparatory to assay It is now well 
known that the majority of the water-soluble vi tam ins occur m tissues m combmed 
or “bound’ forms, which are often imavailable to microorganisms used for assay An 
essential phase of any microbiological assay method, therefore, is development of a 
procedure for hberatmg the free vitaimn from such combmed forms Solution of 
this problem is also necessary, of course, for vahd apphcation of chemical procedures 
for the estimation of vitamins Properly speakmg, it should be considered as an 
mdependent problem, apart from the method subsequently used to estimate the 
vitamm, and m companng the merits of two assay media, the same extraction pro- 
cedures should be used for preparation of samples m both cases It is apparent that, 
if madequate extraction procedures are employed, no assay medium, however good, 
can yield reliable values 

The object, then, of a good extraction procedure, is obtention of all of the vitamin 
of a sample m a form utidizable by the test organism, with the ehmmation so far as 
possible, of known mterfermg materials The state of combmation of a given vita 
mm, however, apparently is not the same m different tissues Pantothenic aad, for 
example, is fully extracted from wheat m a form utihzable by yeast by water alone, 
whereas a prehmmary enzymatic digestion is required to permit its complete ex- 
traction from com (58) S imilar ly, different assay organisms differ m their abihty 
to utilize naturally occurrmg, combmed forms of a vitamm Biotin m some yeast 
extracts, for example, is fully utilized by LaclohaciUus casei, but the -same extract 
requires hydrolysis with strong acid to permit full utilization of its biotin by Locto- 
bacillus arabtnosus (17) Many other s imilar examples might be ated Thus an 
extraction procedure which is adeq[uate for one set of samples and one test organism 
may be quite madequate with different samples or with a different test organism 
In the absence of spiecial mformation, one should apply the most thoroughly tested 
and widely apphcable extraction procedure known These are listed m table 5 and 
should be considered tentative procedures, to be modified where necessary with 
special products (cf also 99, 100, loi for further discussion of this problem) 

E Selling up the assay This is merely a matter of mechanical manipulation an 
need not be further discussed With large assays, it may be a time-consummg oper- 
ation, and with highly hght-labile vitamms (nboflavm and vi tamin Be), should be 
conducted, together with step (D) above, m subdued hght or with low actinic glass- 
ware Cannon ( 139 ) has described an automatic dispenser which is very useful m 
decreasmg the amoimt of time required for pipettings m large or routinely conducted 
assays 
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F Stenltsaium oj assay lubes and media The necessity for maintaining pure 
cultures of the test organism being employed has been menuoned previously, and 
It IS for this purpose that sterilization of test media is required This has always 
been effected by autoclaving The amoimt of autoclaving, and the extent of other 
precaubous required to prevent contaminabon, vary widely from one type of pro- 
cedure to another In a yeast method for biotm (52), for example, stenhzabon was 


TABLE 5 TENIAnVELY EXCOIOIEHDED EXHEACTION PEOCEDUHES foe VAEIOUS VITAlnNS 


muOK 

CMOWK COUBIKKO rOU£S 

XZCOiOfTNXUU) EXXSUCnON nOCLDVtZ MdD TETZBX3KZS 

Blotia 

j 


Variable with prodocL HiMtolysis with 6N HiSOi 
at 130 ° (is lbs, pressure, autoclave) for 1 to 2 
hours appears most generally apphcable (17, 53, 
127) In some instances, some destruction is 
r^Mjrted by this treatment, especially if pro- 
longed (127) 

Cholme 

Phospholipids, acetyl- 
choline 

Autoclaving (15-17 lbs ) with lo cc. of 3N HjSOi or 
BCl per 100 mg of diy, ground sample (93, 128) 

Folic aad 

Pteroyldiglutamylglu- 
tamic aad 

Pteroylheiaglutamyl- 
glatamic aad 

Autoclave finely divided sample with water, cool, 
i then mcubate with a specially prepared enzyme 
from hog kidney (25) at pH 4.5 for r6 hours at 
4 S* Other conjugate-sphttmg enzymes from 
almond (33) or chicken panaeas (129, 130, 131) 
have also been used and may give supenor results 
with some samples. 

Inositol 

Phi^c aad, hpositol 

Reflux sample with excess 18% HCl for 6 hours 
Remove HQ by distillation %n vacuo Dissolve 
residue m water and adjust to appropriate pH 
(69, SS» 132) 

Nicotinic add 

I^icotinamide, coranune,j 
nicotmunc aad, co- 
enrymes I and n 

Suspend finely ground sample m suflfiaent N/i 
HjSOi to give estimated mcotmic aad content of 

I Jig per cc. of mixture. Autoclave at 15 lbs. 
pressure for 15 mmutes, cool, neutralize with 
NaOH (32, 29, 133) 

Fsntliothenlcaad 

Coenzyme A 

Autodave finely ground sample at pH 6 8-7 0 for 15 
minutes at 15 lbs. pressure with suffiaent water 
to give 3-10 Mg of vitamm per 50 cc. Cool, add 
“Mylase P” m an amount equal to -jV the esti- 
mated dry waght of sample, and 2 cc. of 2 5 M 
sodium acetate. Adjust pH to 4 8 with HQ, 
incubate under toluene for 12-34 hours at 50° 
Dilute to 100 cc., filter, repeatedly if necessaiy, 
until a clear filtrate is obtained (134) 

RiboHavm 

Flavin monoph debate, 
flavin adenine di- 
nudeobde 

The finely divided sample is su^ended m not less 
than 10 times its naght of N/io HQ, autoclaved 
iS~2o mmutes at 15 lbs, pressure, cooled, adjusted 
to pH 4-5 by addition of 2 s M sodium acetate 
solution, and filtered to remove mterfenng fatty 
aads (102, 122) An enzymatic digestion pro- 
cedure (13s) was found (135, 136) also to give ex 
ceBent results (cf discussion m loi) 
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VTTAMTW 

ENOWH COUBmCD rolus 

azcoumiD zDxxiiAcnoii nocioutx tm nnxEKn 

Hiiamine 

Thiamine pyrophos- 
phate 

The finely divided matenal is suspended In at ItMt 
15 tunes Its waght of 0 i N HjSOi and digested on 
a steam bath for 30 mmutes. If the pH becoma 
greater than r 5, additional aad is added After 
cooling, sodium acetate solution is added to a pH 
of 4-4 s For each 10 #ig of estimated thiamine, 
r cc. of a 10% solution of taka diastase, clarase, 
mylase P, or other similar enzyme is added The 
mixture is incubated at 45-50° for 3 hours, or over 
mght (under toluene) at 37° (137) 

A simpler, enzymatic digesUon procedure with 
papam and clarase (133) has also proved effec 
Uve (46) 

Yitamm B| 

Pyndoxal phosphate 
Pyndoiamine phos- 
phate 

A finely divided sample estimated to contain about 
a Jig of vitamm B, is suspended in 180 cc. of 
[ 0 05s N HCL The mixture is autoclaved at ao 

lbs pressure for 5 hours, cooled, and adjusted (o 
proper pH for assay (138) 

p-Aimnobenioic 

Pteroyl glutamic aad 

No recommendation possible Procedures may 

add 

and higher conjugates 
p Ammobenzoylpoly- 
glutamylglutamic 
aad 

break down variable amounts of folic aad, etc. 

cf (50. Si. 91.9s, loi) 


effected by merely steaimng at ioo°C for five mmutes, and moculated assay vessek 
were meubated without covers for the mcubation penod of 16 hours No trouble 
from contammation was encountered, perhaps because the simple medium employed, 
the low imtial pH of the medium, the short mcubation penod and the heavy mocu 
lation with the test organism made contammation of a suflBaent magnitude to be 
observed highly improbable When complex medm are used, suitable for growth of 
many organisms, together with long mcubation penods and small mocula, the need 
for aseptic precautions becomes correspondmgly greater For such assays, it is 
customary to autoclave at IS poimds pressure for from 5 to 15 mmutes 
It should be recognized that dunng the autoclavmg process, deep-seated chemical 
changes can and do take place m the medium, only some of which have been deline- 
ated Many lactic aad bacteria fail to grow m unautoclaved media (119, t 4 ti 
23, 142) and the nature of the substances produced which permit growth is imperfectly 
understood In some cases, (e g , for SlreptococcHS faecdts, 23, 140), these appear to 
be reduemg substances, replaceable by thioglycollate or cysteme In other cases 
(e g , Sirepiococctis sahvaniis, 142), addition of compounds such as pyruvate or acet- 
aldehyde permits growth m unautoclaved media In all cases mvestigated, the 
effective substances appear to be derived from partial breakdown of the carbohydrate 
of the medium dunng autoclavmg Such decomposition of sugars dunng heatmg 
has long been known to occur, espeaally at neutrahty or above, and m the presence 
of phosphates and oxy'gen (143) Moderate autoclavmg can also render a medium 
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incapable of supporting growth Thus, autoclaving a medium of conventional com- 
poabon (48) for as long as 10 nunutes rendered it unsmtable for growth of Slrepio- 
caaiis faecalts, apparently due to destruction of cystine (49), an essential ammo aad 
for this organism, through mteraction with glucose Agam, the mteraction of glucose 
and ammo aads at high temperatures is to be expected from their chemical consti- 
tufaon and has been recognized to occur for some time, (cf 144) 

Other recognized effects of autoclavmg with the medium which may disturb certam 
microbiological assays mclude a) the production from pyndoxme, itself mactive m 
promoting growth of lactic aad bacteria, of small amounts of pyndoxamme and 
pyndoxal (48), 5 ) the conversion of p}nndoxal, by transammation reactions, mto 
pyndoxamme (145), c) the destruction of thiamme which can be prevented, however, 
by appropriately modifymg conditions of sterilization (46) 

Ihese results mdicate that more attention needs to be given to the possible dis- 
tuibmg effects of variable autoclavmg m microbiological assays, for both vitamms 
and ammo aads Ordmanly, any min or effect of autoclavmg would escape notice 
because both standards and sample would be equally subject to it Positional differ- 
ences m an autoclave, however, could result m different tubes recavmg different heat 
treatments and thus contribute to vanabflity m an assay 
G Inoadalton vnih the lest organism Most commonly, mocuhim is added drop- 
wise from a pipette to each assay tube In most cases, the final amount of growth 
obtamed is dependent almost solely on the concentration of limiting vitamm present 
and 13 not materially influenced by fluctuations m drop size In some cases (e g , 
m biotin assay with L casei, 30), madvertent variation m the size of moculum wiU 
matenalfy affect the result, especially if a heavy moculum is used Such vanation 
was successfully eliminated either by reducmg the amount of the moculum (by di- 
luting the moculum suspension) or by carefully standardizmg the amount added A 
^rmge arrangement said to be useful for the latter purpose has been described by 
Black and Arnold (146) Another useful device for msurmg equal mocula for differ- 
ent assay recqitacles is to sterihze the basal medium separately, before its addition 
to the assay tubes, cool, moculate, then dispense asepticalfy to the sterile assay 
vessels This procedure has been widely and successfully used m assays with yeast 
S2> S3) Alternatively, the moculum used can be diluted, and a comparatively 
large volume (e g , i cc.) used to moculate each tube 
H Incubation The effect of variations m temperature of mcubation on assay 
results and the m ann er m which length of mcubation is related to the speafiaty of 
an assay have been considered previously For accurate assay, it is essential that 
all tubes be mcubated at the same temperature Small cabmet-type mcubators do 
not generally mamtam suffiaentfy uniform temperatures throu^out the cabmet to 
permit the best results (cf 147) Cuculatmg au mcubators or weU-stirred water 
baths are much supenor It has also been found (148) that where water baths are 
nsed, care should be taken that arculatmg water does not impart variable vibration 
to the assay tubes, smee variations m growth response may result. 

I Determination of response to the vitamin The response of lactic aad bactena to 
additions of the test substance is most commonly followed by titrating the aad pro- 
duced durmg growth In complete media contammg one per cent of glucose, many 
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VIXAIQH 

ZKOWN coifpnfiD rosus 

xzcoHUXND xoxxnAcnov noatDvtx axd zxinxaai 

Thiamine 

Thiamine pyrophos- 
phate 

The finely divided material is suspended in at least 
IS times Its weight of 0 1 N HjSOi and digested cm 
a steam bath for 30 mmutes. If the pH becomes 
greater than i 5, additional add u added After 
ccxiling, sodium acetate solution is added to a pH 
of 4-4 5 For each 10 jig of estimated thiamine, 

1 cc, of a 10% solution of taka diastase, clarase, 
mylase P, or other similar enzyme is added The 
mixture is mcubated at 45-50° for 3 hours, or ow 
night (under toluene) at 37° (137) 

A simpler, enzymatic digestion procedure vnth 
papam and clarase (135) has also proved effec 
bve (46) 

Vitamin Bj 

Pyndoml phoqihate 
Pyndoxamme phos- 
phate 

A finely divided sample estnnated to contain about 
a fig of vitamin B| is suspended in 180 cc. of 

0 05s N HCL The mixture is autoclaved at ro 
lbs pressure for 5 hours, ccxiled, and adjusted to 
proper pH for assay (138) 

p-Ammobenzoic 

Pteroyl glutamic add 

No recommendation possible. Procedures may 

add 

and higher conjugates 
p-AmmobenzoylpoIy- 
glutamyiglutamic 
aad 

break down variable amounts of folic add, etc. 
cf (50,51,91,93,101) 


effected by merely steammg at ioo°C for five minutes, and mocdated assay vessels 
were mcubated without covers for the mcubation penod of 16 hours No trouble 
from contammation was encoimtered, perhaps because the simple medium employed, 
the low mitial pH of the medium, the short mcubation period and the heavy inocu 
lation with the test organism made contammation of a sufficient magnitude to be 
observed highly improbable When complex media are used, suitable for growth of 
many organisms, together with long mcubation penods and small mocula, the need 
for aseptic precautions becomes correspondmgly greater For such assays, it is 
customary to autoclave at 15 pounds pressure for from 5 to 15 mmutes 
It should be recognized that durmg the autoclavmg process, deep-seated chemical 
changes can and do take place m the medium, only some of which have been deline- 
ated Many lactic acid bacteria fail to grow m imautodaved media (119, I 4 °» 

23, 142) and the nature of the substances produced which permit growth is imperfectly 
understood In some cases, (e g , for Slreptococctts faecalis, 23, 140), these appear to 
be reducmg substances, replaceable by thioglycoUate or cysteme In other cases 
(e g , Streptococcus sahvartus, 142), addition of compounds such as pyruvate or acet- 
aldehyde permits growth m unautoclaved medm In all cases mvestigated, the 
effective substances appear to be denved from partial breakdown of the carbohydrate 
of the medium durmg autoclavmg Such decomposition of sugars durmg heating 
has long been known to occur, especially at neutrahty or above, and m the presence 
of phosphates and oxygen (143) Moderate autoclaving can also render a medium 
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sable of supporting growth Thus, autoclaving a medium of conventional com- 
lon (48) for as long as 10 mmutes rendered it unsuitable for growth of Streplo- 
IS fMcdu, apparently due to destruction of tystme (49), an essential ammo aad 
lus organism, through interaction with glucose Agam, the mteracbon of glucose 
ammo aads at high temperatures is to be eicpected from their chemical consti- 
m and has been recognized to occur for some time, (cf 144) 
ther recognized effects of autoclavmg with the medium which may disturb certam 
obiological assays mclude a) the production from pyndoxme, itself mactive m 
notmg growth of lactic aad bacteria, of small amounts of pyndozamme and 
doxal (48), 6) the conversion of pyndoxal, by transammation reactions, mto 
doxanune (14$), c) the destruction of thiamme which can be prevented, however, 
ippropnately modifymg conditions of sterilization (46) 

hese results mdicate that more attention needs to be given to the possible dis- 
)mg effects of variable autoclavmg m microbiological assays, for both vitamins 
ammo aads Ordmanly, any mmor effect of autoclavmg would escape notice 
luse both standards and sample would be equally subject to it Positional differ- 
5s m an autoclave, however, could result m different tubes receivmg different heat 
itments and thus contnbute to vanabihty m an assay 

T Inoculalton vnih the lest organism Most commonly, moculum is added drop- 
e from a pipette to each assay tube In most cases, the final amount of growth 
amed is dependent almost solely on the concentration of hmitmg vitamin present 
I IS not materially influenced by fluctuations m drop size In some cases (e g , 
oiotm assay with L cases, 20), madvertent variation m the size of moculum will 
tenally affect the result, especially if a heavy moculum is used. Such variation 
5 successfully ehmmated either by reduang the amount of the moculum (by di- 
mg the moculum suspension) or by carefully standardizmg the amount added A 
inge arrangement said to be useful for the latter purpose has been described by 
ick and Arnold (146) Another useful device for msurmg equal mocula for differ- 
t assay receptacles is to sterilize the basal medium separately, before its addition 
the assay tubes, cool, moculate, then dispense aseptically to the sterile assay 
isels This procedure has been widely and successfully used m assays with yeast 
52, 53) Alternatively, the moculum used can be diluted, and a comparatively 
ge volume (eg, i cc ) used to moculate each tube 

H Incubaiton The effect of variations m temperature of mcubation on assay 
suits and the manner m which length of mcubation is related to the speafiaty of 
assay have been considered previously For accurate assay, it is essential that 
t tubes be mcubated at the same temperature Small cabmet-type mcubators do 
t generally mamtam suffiaently uniform temperatures throughout the cabmet to 
imit the best results (cf 147) Circulating air mcubators or well-stirred water 
iths are much supenor It has also been found (148) that where water baths are 
ed, care should be taken that circulatmg water does not impart variable vibration 
the assay tubes, smce variations m growth response may result. 

X. Deierminaiion of response lo the vtiamin The response of lactic aad bacteria to 
Idibons of the test substance is most commonly followed by titratmg the aad pro- 
iced durmg growth In complete media contammg one per ooit of glucose, many 
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of these organisms (e g , LaclobaciUus arabenostis, LactohaciUiis casei) will convert 
this almost quantitatively to lactic aad, producmg from lo to ii cc. of o i N aad 
per lo cc of medium Larger quantities of aad (17 to 20 cc.) will be produced if 
two per cent of glucose is added and the buffer capaaty of the medium is suffiaently 
high Less aad-tolerant organisms (e g , Streptococcus faecalts, Leucotwstoc mcs 
enierotdes) will produce as much as 12 to 15 cc. of o i N aad under similar conditions 
This range is a very convenient one for titration By usmg microburettes, with 
more dilute alkah for titration, the assays can readdy be adapted to a ‘micro’ scale, 
m which the total volume of medium is o 2 cc or even smaller (149, 150), and such 
procedures have proved useful for some puiposes 
Despite the fact that turbidimetnc assays have been less widely made, comparative 
assays (117, 21, 151, 152, 153) mdicate that this procedure gives results as reliable 
as those obtamed by titration When turbidity measurements are made samples 
assayed must be optically clear, and turbidity not due to cells must not develop on 
mcubation The oi^ganisms must be uniformly suspended by shakmg before measure- 

ment A moment or two is allowed after shakmg to permit any air bubbles to rise 
and break. Any stable photoelectric colorimeter may be used By proper choice 
of the wave length at which measurements are taken, mterference from the shgjit 
color imparted to the medium by some samples is usually readily avoided The pro- 
cedure IS somewhat faster than titration 
Turbidity measurements are used exclusively m yeast growth assays (table 2) and 
for almost all assays usmg miscellaneous bacteria (table 3) In no case has difficulty 
been reported to arise from this method of measurement, except where extremely 
dark-colored samples were assayed 

In assays with Neurospora and other filamentous fungi, the mycehum is harvested 
with a needle or filtered from the medium, washed, dned and waghed Although 
more labonous than titration or turbidity measurements, accuracy of assays con 
ducted m this manner is very satisfactory 
In all cases, it is possible to make the comparison of respionses to standard am 
sample ather before or after growth has stopped for lack of the essential vitamin 
In the former case, one measures comparative growth rates, m the latter, the exten 
of growth Reasons for behevmg that the latter procedure is the preferable of th^ 
two (with any one organism) have been considered earher 
J Calculation of the results The response to vanous concentrations of the stand 
aid vitamm is plotted agamst the concentrations to produce a standard curve Mos 
commonly, the amount of the vitamm present m any given sample tube is determmei 
by mterpolation onto this standard curve From sunple dilution factors the valui 
for the ongmal sample is readily calculated If properly set up, several mcreasmj 
concentrations of the sampleyieldresponses which fall m the assay range of thestand 
ard curve Values for the vitamm content of the sample calculated from each 0 
these concentrations should check withm the limits of error of the assay (usuall) 
considered to be about ztio per cent for the better microbiological assays) If the> 
do so, the values are averaged to obtain the final result Sometimes it is found that 
the a^y values calculated from several such levels of the sample will show a steady 
nse (or fall) with mcreasmg concentration Such a ‘dnft’ m values mdic 
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the test orgarusm is not respionding to the sample m the same way it does to the pure 
standard and is evidence against the vahdity of the assay Some known reasons for 
such ‘drifts’ will be considered below 

Recently, a number of mvestigators (154-157) have attempted to dense mathe- 
mabcally sound procedures to supplement, and in some cases replace, the empmcal 
method described above for calculatmg results of assays 'WTiere the dose-response 
curve to the test substance is a straight Ime, or where it can be converted mto a 
straight hne by a suitable transformation of response, such procedures are already 
available (155, 157) When combmed with a statistically vahd design for settmg 
up the assay, they permit use of the nucrobiological data themselves to determme 
the variance and standard error of the assay result For this reason they promise 
to be most valuable for some purposes This subject has been fully discussed by 
Bhss (158) Apphcation of certain findmgs made m connection with these studies 
may change the mechanics of assay considerably Customarily, for example, each 
concentration level of standard and sample is prepared m duphcate, and mcreasmg 
concentration levels are prepared, moculated, mcubated and the response measured 
m consecutive, nonrandom order Such a procedure is statistically unsoimd, and 
mveshgahon has shown (159) that under these conditions, excessively good agree- 
ment, which does not reflect the true degree of variation encountered m the assay as 
a nhole, is obtained between duphcate tubes Replicate pomts prepared m this 
Dmnner, therefore, may be largelj’’ lalueless If, however, duphcate tubes are pre- 
pared, moculated, etc, m random order, agreement between them is not so good, and 
their variance is a true reflection of the precision of the method Smularly, current 
practice usually calls for several more pomts for the standard curve than for the 
sample curve. Where the standard curve is regular and its nature well established, 
however, this procedure is valueless, for the final estimate of potency cannot be more 
accurate than the least accurate observation made m obtammg it. Logically, the 
number of pomts determmed for the standard need be no more than that determmed 
for each sample. 

Cruekia foe establishing eeuability in an assa\ The general procedures 
available for estabhshmg whether or not an assay method is yieldmg rehable results 
have been fully discussed elsewhere (133, 160) and need only be hsted here Th^^ 
mdude a) agreement with results of other rehable methods, h) obtention of theoretical 
recovenes on adchtion of known amoimts of vitamm to a sample, c;) obtention of con- 
sistent values on repeated assay, d) agreement m assay values obtamed with different 
sssay organisms havmg different nutritive requirements, and e) agreement of results 
calculated from different assay levels, and the absence of ‘drift.’ 

Lnfortunatel}', (o) is apphcable m only a few instances, smce the rehabihty of other 
methods for detemunation of a vitamm is usually established no better than that of 
proposed rmcxobiological methods If methods as widely different as rhpTmral and 
microbiological assays do give the same imlues on a given extract, it is, however, 
strong presumptive evidence for the vahdity of both procedures, (6) and (c) are obvi- 
ous requirements of any analytical method, although nonfulfillment is certainly 
sufficient to cxmdemn an assay, neither good recmvenes nor imnsistent values on 
repeated assay suffice to prove a method reliable Pomts (d) and (e) are more con- 
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of these organisms (e g , LaclobaciUiis arabitwsiis, Laclobactlliis casn) will conv’ert 
this almost quantitatively to lactic acid, producmg from lo to ii cc of o i N aad 
per lo cc of medium Larger quantities of aad (17 to 20 cc ) will be produced if 
two per cent of glucose is added and the buffer capaaty of the medium is suffiaently 
high Less aad-tolerant organisms (e g , Streptococais faecalis, Leucotwsloc nts 
enteroides) will produce as much asi2toiscc ofoiN aad under sunilar conditions 
This range is a very convenient one for titration By usmg microburettes, with 
more dilute alkah for titration, the assays can readily be adapted to a ‘micro’ scale, 
m which the total volume of medium is o 2 cc or even smaller (149, 150), and such 
procedures have proved useful for some purposes 
Despite the fact that turbidimetnc assays have been less widely made, comparative 
assays (117, 21, 151, 152, 153) mdicate that this procedure gives results as reliable 
as those obtamed by titration When turbidity measurements are made samples 
assayed must be optically clear, and turbidity not due to cells must not develop on 
mcubation The organisms must be uniformly suspended by shakmg before measure- 
ment A moment or two is allowed after shakmg to permit any air bubbles to nse 
and break Any stable photoelectric colorimeter may be used By proper choice 
of the wave length at which measurements are taken, mterference from the shght 
color imparted to the medium by some samples is usually readily avoided The pro- 
cedure IS somewhat faster than titration 
Turbidity measurements are used exclusively m yeast growth assays (table 2) and 
for almost all assays usmg miscellaneous bacteria (table 3) In no case has difficulty 
been reported to arise from this method of measurement, except where extremely 
dark-colored samples were assayed 

In assays with Neurospora and other filamentous fungi, the mycehum is harvested 
with a needle or filtered from the medium, washed, dried and weighed Although 
more labonous than titration or turbidity measurements, accuracy of assays con 
ducted m this manner is very satisfactory 
In all cases, it is possible to make the comparison of responses to standard and 
sample either before or after growth has stopped for lack of the essential vitamin 
In the former case, one measures comparative growth rates, m the latter, the extent 
of growth Reasons for behevmg that the latter procedure is the preferable of the 
two (with any one organism) have been considered earher 
J Calctdaiton of the results The re^onse to vanous concentrations of the stand 
ard vi tamin is plotted agamst the concentrations to produce a standard curve Most 
commonly, the amount of the vitamm present m any given sample tube is detennmed 
by mterpolation onto this standard curve From sunple dilution factors the value 
for the onginal sample is readily calculated If properly set up, several mcreasmg 
concentrations of the sample yield responses which fall m the assay range of the stand 
ard curve Values for the vitamm content of the sample calculated from each of 
these concentrations should check withm the limits of error of the assay (usuallj 
considered to be about dbio per cent for the better microbiological assays) If the) 
do so the values are a\ eraged to obtam the final result Sometimes it is found that 
the assay values calculated from several such levels of the sample will show a steady 
nse (or fall) with mcreasmg concentration Such a ‘drift’ m values mdicates that 
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elusive If different assay organ i s m s having different nutntive requirements give 
values which check, it is excellent evidence for the rehabihty of the values, smee it 
IS unprobable that the different organisms would respond to mterfermg materials in 
exactly the same manner and to exactly the same extent The absence of ‘drift’ m 
assays is evidence that the assay organism is respondmg to the vitamm and the sample 
m exactly the same way and is thus excellent evidence for the absence of mterfermg 
materials m the sample, and hence for speerfiaty of the assay 

‘Deut’ and its possible causes It has been emphasized above that occurrence 
of a regular shift or ‘drift’ m assay values, either mcreasmg or decreasmg with con- 
centration of the sample, is evidence for the presence of mterfermg materials m the 
sample, and that where such drift occurs, complete reliance cannot be placed on the 
assay result Such drifts are quite frequently found m assay work, and consideration 
of some cases m which their cause is known may suggest procedures for elimmatmg 
them m other cases as well 

In several instances ‘drifts’ m assay values can be produced by assay of a known 
substance or of mixtures of known substances Three general cases have been recog- 
nized, as follows 

(A) A substance chemically unrelated to the vitamm may stimulate or mhibit 
response of the test organism to suboptimal leveb of the vitamm The effect of free 
fatty acids on the response of L arabinostis and L casn to pantothenic acid, and of 
L caset to nboflavm, is an example (122-125, 44) Dependmg upon the concen- 
tration, the fatty aad may stimulate or inhibit the growth response to nboflainn 
At levels ordmanly encountered m samples, stunulation occurs, but the per cent 
stimulation vanes with the amount and type of fatty acid, so that a drift m assay 
values IS obtamed at mcreasmg levels of sample In both the nboflavm and panto- 
thenic aad assays, this effect is ehmmated by filtration of the sample at pH 4 5 (r22)» 
which removes the mterfermg hpids In the latter assay, it can also be avoided by 
addition of an excess of oleic aad to the basal medium (40) 

(B) Substances chemically related to the vitamm may replace the vitamm m the 
nutation of the test organism, but the dose-response curve to the vitamm and the 
related compound may be entirely dissimilar In such a case, the ratio of growth- 

' promotmg activity of analogue to that of vitamm is not constant at vanous concen- 
tration levels, and if both substances are present m a sample, drift results For 
example. Bird and Robbms (161) showed that the activity for L casei of partial en- 
zymatic hydrolysates of vitamm Bo conjugate (pteroylhexaglutamylglutaimc aad) 
m terms of free vitamm Bo (fohe aad, pteroylglutamic aad) varied greatly, mcreasmg 
as the dosage level was maeased This conjugate occurs naturally, and when m- 
complelely hydrolyzed samples are assayed with L casn agamst a standard 
of pteroylglutamic aad, upward drift at mcreasmg levels of sample is encountered 
A sunilar example is provided by work of Rabmowitz and Snell (162), who found 
that pyndoxamme phosphate, which occurs naturally, was active in place of pyn- 
doxamme for Slreplococats faecalts Its acUvity varied from o 5 to 2 o tunes that 
of pyndoxamme when tested at vanous leveb Incompletely hydrolyzed samples 
which contamed this substance showed marked drift when assayed In both of the 
above mstances, drift could be ehmmated by appropriate treatment of the sample 
to completely hydrolj ze acUve combmed forms of the vitamm to the free compounds 
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mTOlved in microbiological assays should free the result of I'anation attributable to 
'biobgical variation,’ and actual experimental results conducted with pure vit amins 
(150) indicate that much more precise results than this can be ob tamed under 
fa\ orable circumstances Present procedures are rarely more precise than this when 
apphed to natural materials, but this should be ascribed to our improper understan- 
dmg and control of variables m the assay procedure, and not to the assay organ- 
isms. The future improvement of these methods would appear to he, then, m an 
unproved imderstandmg of processes mvolved m growth and metabolism of the test 
organisms, which would penmt more precise control of those factors at present leadmg 
to variation 
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c) From the standpomt of simplicity and speed, assays employmg yeast are usu- 
ally preferable to those usmg lactic acid bactena, and these m turn to those using 
Neurospora 

In each case, the method listed should be used with the most suitable extracbon 
procedure known (table 5)) which may or may not be that described with the method 
In some cases, where there appears httle choice between two or more methods on the 
basis of the above cntena, more than a smgle method is given 


TABLE 6 Peeteeejed uethods por microbiolooicai. deteeuznation of the vitauins 


VITAlim 

TESTOtOAmsu 

SZmXNCE 

SHOWN rnmizuKO 
NATEUALS 

p-Anunobenzoic add 

Neurospora crassa (mutant) 

(73) 


Biotin 

LaclobactUus arabtnostis 

(17) 

Oleic aad llnolelc aads 


Saccitaromyca ceranstae 

(S 3 ) S 4 ) 

Desthioblotin 

Choline 

Neurotpora crassa (mutant) 

(73.93) 

Methionine 

Folic acid 

Laclohactllus cases 

(21, 26) 

Fohe aad conjugates, 


1 


thymine 


Streptococcus faecalts 

(26) 

Thymine 

Inositol 

Saccliaromyces carlsbergensts 

(ss. s8, 




67) 


Nicotinic aad 

LactobactUus arahtnosus 

(16. 29, 




32) 


Pantothenic aad 

Ladobactllus arahtnosus 

(40) 

Fatty aads 


Saccharomyces carlsbergensts 

(s8) 


Riboflavin 

Lactobaallus casei 

(42,137) 

Fatty aads 

Thiamine 

Lactobacillus fermentt 

(46, 47) 

Cocarboiyiase 


Saccharomyces cerensiae 

(60) 


Vitamm B| 




Total (pyndoxal - 1 - 




pyndoxamine -p 
pyndoxme) 

Saccharomyces carlsbergensts 

(67) 

Pyridojcamme phos- 

Pyndoxamme -f- 

Streptococcus faecalts 

(23) 

pyndoial 



phate, D alanme 

Pyndoxal 

Lactobacillus cases | 

(49) 

D alanine 


concluding remarks 

The attempt has been made above to summarize, m general terms but with spe- 
cific examples, certam basic mformation helpful m understandmg and usmg nu* 
crobiological assay methods No attempt at an exhaustive treatment of the hter- 
ature has been made All of these assay procedures are based on the controlled 
growth of hvmg organisms In discussing procedures based on such a complex 
and imperfectly understood phenomenon, it is difScult to avoid makmg statements 
which appear logical but which may be based on untested assumptions Some 
such assumptions have been discussed m the body of this review An additional 
example is the statement, often heard, that microbiological assays cannot be more 
precise than ±10 per cent because of the ‘biological vanabihty’ of the test organ- 
isms employed As indicated elsewhere (96, 98), the large numbers of organisms 
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inralved in microbiological assays should free the result of variation attributable to 
‘biological variation/ and actual experunental results conducted with pure vita mi ns 
(150) indicate that much more precise results than this can be obtamed imder 
fa\ orable arcmnstances Present procedures are rarely more precise than this when 
apphed to natural materials, but this should be ascribed to our improper imderstan- 
dmg and control of variables m the assay procedure, and not to the assay organ- 
isms The future improvement of these methods would appear to he, then, m an 
unproved understandmg of processes mvolved m growth and metabolism of the test 
organisms, which would permit more precise control of those factors at present leadmg 
to variation 
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D uring the last futeen years, the part played by phosphate in cellular 
processes has been made clear phosphate is the means by which a large 
part at least of the energy of catabohc processes is made available for 
adaptive processes m the cell The immediate source of energy for these adaptive 
processes is beheved to be unstable (‘enei^ nch’) phosphate compounds eg, 
creatme phosphate and adenosme triphosphate) These are formed from morgamc 
phosphate at the expense of the free energy of degradation of carbohydrate and 
probably of other mtermediates 

The chemistry and some thermodynamic aspects of reactions involving phosphor) lahon have 
been rcvieived by Barron (4, s), Kalckar (26, 27), Meyerhof (46) and Ijpmann (40-42) We have 
attempted a rather more thorough use of the thermodynamic approaidi under the following heads 
I- A general examination of the use that can be made of thermodynamic data and a consideration 
of what additional information, espeaally Janetic, is needed for a full understanding of cellular 
processes 

H. An e x a min ation of the thermodynamic information concemmg phosphorylation brought 
about by anaerobic gly colysis 

HL An examination of the thermodynaimc informaUon concemmg phosphorylation brought 
about by oxidation of carbohy dxate, together with a critical study of some of the experimental data 
on the amount of phosphon lation that is produced, 

W An examination of the possible functions of mtermcdiary earners m the transport of hydrogen 
and of phosphate. 

V An examination of some problems of kinetics that arise from these considerations 
It must be pomted out that the thermodynaimc argument appUed m sections II and JJX is unlikely 
to lead to mcorrect results provuded that the assumptions made and the numencal values used are 
accurate The assumptions made have been clearly' mdicatcd m the text, and the experimental 
hgures are unlikely to be far wrong, for this reason the hgures given m these sections should be of 
value for comparison vnth experimental results On the other hand much of the argument used 
m the last two sections is based on kmetic considerations of a fairly simple nature Smee almost 
nothmg IS known of the actual kmetic conditions mthm the cell, it is uncertam how far the results 
obtamed can be rigidly apphed to the cell For this reason, and m view of the much greater un 
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R and R' are not such that AFj is negative enough for phosphorylation of A to occur 
(lc , AFi + AF > o) Then R may accumulate as a result of conversion of Q to R, 
and R' may become depleted by conversion to S AFi thus becomes more negative 
and, if this can go far enough, a pomt is reached at which phosphorylation can 
occur However, AFj can reach a suffiaently negative value only if the overall free 
energy change of Q — ♦ S is large enough and negative This depends on the overall 
change of standard free energy and on the concentrations of Q and S Thus for 
phosphoiylation to occur 

AFoi + AFoi + AFoj + RT In [S]/(Q] + AF' < o r 

must be satisfied This condition may also be stated m the form 

AFm + RT In [R^/lR] + AF' < o 2 

The whole of the free energy of the reaction Q — > S will be available for phos- 
phorylation (at the stage R —* R') when the reactions Q — ♦ R and R' — » S are at 
equilibnum (and therefore mvolve no changes of free energy) In this situation 
the mifnmnTTi amount of energy is made available at a smgle stage 
If the reaction R — » R' can occur without phosphorylation of A, then the con- 
centrations of R and R' reached, when a steady state is attamed, will depend on the 
rates of this and of the other reactions In this case, a purely thermodynamic 
argument is not enough to answer the question whether the reaction Q — S can 
lead to the phosphorylation of A, smce Ae ratio [R']/[R] might never reach a low 
enough value even if eqttaiwn 1 were satisfied Therefore, kmetic data are also 
required 

It will not be found m practice that any system can transfer energy with an 
effiaency of r This could be so only m the absence of any side reaction, and if all 
stages were at equilibnum, when the rate of reaction would be infimtely slow The 
rate may also be insuffiaent, even if the total free energy is suffiaently negative, if 
the concentration of any mtermediate should fall too low Thus, m the example 
given, if AF02 is too positive, the value of [R'j/IR] needed to satisfy equatum 2 may be 
very s m a ll , consequently, the low concentration of R' may become a rate-hmitmg 
factor 

In general, knowledge of cellular processes must be based, m the first place, on 
information about the chemical nature of the substances and reacbons concerned 
Thermodynaimc information next enables limits to be set to the possible development 
of free energy by reactions and thence to the possibihties of couphng between them 
But knowledge of the standard free energies of reactions is not enough for ffiis 
purpose, the actual free energy changes are needed and this mvolves knowledge of 
the concentrations of all the substances concerned This mtroduces the necessity 
for kinetic information, to set himts to the concentrations of reactmg substances 
consistent with the rates at which mdividual and overall reactions occur Ulti- 
mately, the aim is to be able to account for cellular reactions, both m the steady 
state and when the steady state is disturbed m any particular way 
At present, naturally, chemical information is most complete, thermodynamic 
information is nearly complete m some fields but mcomplete in others, kmebc 
mfoimabon which is relcTOnt to condibons withm the cell is largely lackmg 
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certainty in the assumptions made and the numerical values used, the figures deduced in the last tao 
sections are to be taken more as illustrative of the type of calculation which must eventually be 
made than as of immediate use for comparison with experiment 

Finally we have suggested what sort of experimental evidence is needed to solve the problems 
that have been raised 

I GENERAL 

Only in the case of the anaerobic breakdown of carbohydrate is the exact nature 
of the process known by which inorganic phosphate is transferred to phosphate 
acceptors, however, the mechanism can reasonably be supposed to be general and 
no evidence opposes this supposition. 

The type of changes mvolved may be expressed as follows a) An mtermediate R 
forms a compound with morgamc phosphate whose free energy of hydrolysis is 
relatively low, R + P — > RP, b) the compioimd RP then undergoes a reaction (such 
as dehydrogenation or decarboxylation), RP — > R' P, with the formation of a product 
which IS relatively unstable thermod3mamically, that is, of high free energy of 
hydrolysis, and c) R' P reacts with an acceptor A (such as creatme or adenylic 
aad),R'P + A- 4 R' + AP 

In order that such a senes of changes may occur m any given state of concentra- 
tions of reactants and products, it is a necessary condition that the total change of 
free energy shall not be positive The total change of free energy may be regarded 
as the sum of the changes of free energy mvolved m the processes R — »• R' (which 
will be negative) and A + P — ♦ AP (which will be positive) 

It IS convement to classify reactions accordmg to their slarulard free energy, AFo. 
This is usually defined as the change of free energy when the activity of each reactant 
and product is umty (To simplify further argument we shall take the activity as 
bemg measured by the molar concentration ) AF 0 is related to the conventional 
equihbnum constant of the reacbon by AFo = — RT In K (where In represents 
log«) However, where the reactants and products have concentrabons other than 
X molar, the actual free energy change is given by 

, Product of concentrabons of products 

AF = AFo + RT In — - — —z — 7-^ — t — - 

Product of concentrations of reactants 

Thus, m order to predict whether a given reacbon R — » R' can lead to the phos- 
phorylabon of a given acceptor, it is necessary to know not only the respecbve 
values of AFo but also the concentrabons of all the substances concerned A con- 
clusion based on the values of AFo alone might be seriously wrong 
Usually the change R — » R' occurs not as an isolated reacbon but as one stage of a 
sequence of reacbons such as 

Q > R 1 ^ R' »• S 

AFoi AFoj AFoj 

and the concentrabons of R and R' will then be partly determmed by the prece^g 
and succeedmg reacbons Suppose that only the reacbon R R' leads to p os- 
phorylabon of A and cannot occur unless A accepts phosphate, that the free energy 
^ ^ p AP, under the condibons chosen, is AF', and that the concentrabons 0 
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are for pH 7 to 7 s and for S7°C At the bottom of the table are the summed values 
of AFo for the two mam overall reactions 
The following pomts require speaal comment 

Readion 40 This is the only reaction m the senes for which no exact data are 
arailable It is known that fructose-6-phosphate is not phosphoiylated by morgamc 


Table i 


1 

2 

3 

4 

5 

6 a. 

tb 



MT 

NO 

K 

Q 

dF ■ ceI/ } moL of glacose 

1 

Gljcogtn + P 

G-i-P 

IS 

0 4.3 


+270 


3 

G-i-P 

G 6 -P 

69 

IS 7 


—840 


3 

G^P 

-> FAP 

6 g 

0 43 


+260 


4 

F-6-P + ATP 

-* HDP + ADP 





-5,100 

a 

F-6-P + P 

-+ HDP 

1 

10“^ 


+1,400 


b 

ATP 

-* ADP + P 

42 




-6,500 

s 

HDP 

PDHA + PGA 

32 

I 3 X ro“* 


+ 3 , 800 


6 

PDHA 

PGA 

47 

3 8 X 10-* 


+ 1,100 


7 

PGA + P + Co 

-♦ diPGAad + CoHi 

74 

0 9 


+70 


a 

PGA 

PGAad + H, 

2 


~o 67 



b 

' Hj 4 " Co 

CoHi 

8 


— 0 38 



e 

PGAad + P 

— + diPGAad 

t 


i 

1 

+18 , 300 

8 

diPGAad + ADP 

' -♦ 3 PGAdd + ATP 

2 

S I X io 2 

1 


-5,200 

a 

diPGAad 

— » 3-PGAad + P 

> 



— 18,300 


6 

P + ADP 

ATP 

42 




+13,000 

9 

3 PGAod 

-* 3 PGAad j 

50 

0 ir 1 


+li 340 


lo 

J PGAad 

— * P)P 

44 

1 36 i 


-790 


II 

IhP + ADP 

-» Pv + ATP 

36 


1 


- 3,000 

a 

PyP 

P) + P 



i 

— 16,000 


b 

P + ADP 

— ATP 

42 




+13,000 

13 

P> +CoH, 

HXi -f" Co 




-4,600 


a 

Pi +Hs 

-* HL 

6 


—0 18 

j 

1 


i 

CoH 

— ► Co “ 4 “ 

8 


—0 38 



13 

ATP + Cr 

— ADP + CtP 

3 

a 3 X io “2 



+ 3 ,/ 00 

a 

ATP 

-* ADP + P 

42 




— 13,000 

b 

Cr + P 

-* CrP 





+16,700 


j glucose (glycogen) -♦ HL 





■null 


ji Cr + iP 

-> 3CrP 







’ Value assumed, see text, * Value* deduced, see text. 


phosphate to a detectable extent, whereas ATP lea\'es no detectable amount of 
fmctose-6-phosphate unphosphoiylated. Takmg the limit of detectabihty as 
1 per cent, the value of the standard free energy of phosphorj’'Iation of fructose-d- 
phosphate must he between —2303 logi« io~=, that is +2800 calones/mole, and 
+13,000 mmus 2800, that is +10,200 calones/mole We have taken the lower 
limit (see below), which agrees with Lipmann's (40) estimate for a dow-energy’ 
phosphate ester 
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n PHOSPHORYLATION ASSOCIATED ^VITH ANAEROBIC GLYCOLYSIS 

Lundsgaard (45) showed that phosphorylation of creatine occurs in whole muscle 
followung a short tetanus In his most favored experiments (his table 7, experiments 
7-1 1) the molar ratio of creatme phosphate (CrP) formed to lactate (HL) formed 
vaned between i 6 and i 9 Meyerhof and Lohmann (48) and Lehnartz (39) 
further showed that phosphorylation of creatme accompames anaerobic glycolysis 
in muscle brei and press juice, but they did not show an exact proportionahty between 
the two processes Lehmann (38) showed a quantitative phosphorylation of adenylic 
aad-by 2-phosphopyruvate (PyP) and of creatme by adenosme triphosphate (ATP) 

This and later work has made it clear that adenyhc aad or adenosme diphosphate 
(ADP) accepts phosphate (P) at two stages of the glycolytic process i) from i 3 
diphosphoglyceric aad (diPG aad , Needham and Pillai, 51, Btlcher, ii, Meyerhof 
el al , 49), 2) from 2-phosphopyruvic aad (PyP) (Lehmann, 38, Lardy and Ziegler, 
36) In turn, Banga (2) confirmed that j) adenosme diphosphate and adenosme 
triphosphate can transfer phosphate to creatme Phosphate is acquired by the 
glycolytic system at three stages 4a) glycogen, through phosphorolysis by morganic 
phosphate, gives glucose-i-phosphate (G-iP) or 4b) glucose, with phosphate from 
ATP, gives glucose-6-phosphate (G-6-P), 5) fructose-6-phosphate (F-d-P), woth 
ATP, gives fructose i-6-diphosphate (HDP), 6) 3-phosphoglyceraldehyde (PGA), 
with morgamc phosphate, after dehydrogenation forms 1-3-diphosphoglyceric aad 

The stoichiometry of these stages does not seem to be m doubt It appears, 
therefore, that the maximum ratio of moles of phosphate combmed to moles of 
lactate formed is i 5 m the case of glycogen and i m the case of glucose This 
appears to be m conflict Yvith the results of Lundsgaard quoted above, but close 
exammation of his data shows that the disaepancy can be accounted for Thus, 
while after a one-mmute recovery the morgamc phosphate had returned nearly to 
its value in restmg muscle (13 to 15 milhmolar), the aeatme phosphate (at 14 to 17 
milhmolar) was still considerably below its restmg concentration ^17 to 24 milh- 
molar) Furthermore, the deaease of morgamc phosphate (4 5 to 8 5 milhmolar) is 
greater than the maease of aeatme phosphate m the same axpmments (4 s to 
5 5 milhmolar) These results can be explained if there is a fall in the concentration 
of heXose diphosphate durmg the recovery, leadmg to a ratio of CrP/HL greater 
than I 5, with a simultaneous maease in the concentration of hexose monophos- 
phates, this would cause a deaease of morgamc phosphate greater than the maease 
of aeatme phosphate These considerations illustrate the difficulties of dealing 
quantitatively with changes m a complex system 

It is mterestmg to consider the stoichiometncal ratio of i 5 m the light of the 
thermodynamic data, now very nearly complete, which arc set out m table i Col- 
umn I gives the mdex number of the reaction, column 2 gives the reacbon (in certam 
cases mam reacbons are dissected mto simpler reacbons which are indexed by 
letters), column 3 gives the reference to the literature, columns 4 and 5 give the 
experimental values of K or of E'o, whichever has been measured, column 6a gives 
the values of AFo, per | mole of glucose for those reacbons w hich sum to gly cogen — * 
lactate, and column 6b gives the values of AFo for the other reactions All values 
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of phosphate and of lactate as 14 and 2 nulLmolar, respectively We n^lect the 
effect of concentration of gljcogen on the free energ}'', for the effect is small per 
residue of glucose smee gljTogen is a high polymer Smee at equihbnum the total 
free energy change of the reaction 

i glj cogen + 2 Cr + 2 P = HL + 2 CrP 

IS zero, then 

—33,200 + 33,400 + 2 303 RT (log (HL] — log [P] + 2 log [CrP]/[Cr]) = o 
whence 

[CrP]/ICr] = 2 3 

This agrees reasonably with the values found for restmg frog muscle (r8) under 
anaerobic conditions 

In ihw calculation we have assumed that fructose-b-phosphate is phosphor3'’lated 
by morganic phosphate at 14 miUimolar, m fact, it receives its phosphate only from 
ATP This corresponds to a net phosphorylation of i 5 moles of creatme mstead 
of 2 and would lead to a much higher predicted value for [CrP]/[Cr] This dis- 
crepancy would, however, largely disappear if it were assumed that the free energ}' 
of phosphorylation of fructose-6-phosphate had the higher %'alue (see above) On 
the other hand, if its rvalue is about -4-2800 calones/mole (the I’alue assumed above), 
the reaction with ATP must be far from equihbnum, otherwise, m restmg muscle 
at least one of the followmg would have to hold very low ATP, ver} low phosphate, 
\ery high HDP or reactions r, 2 and 5 very far from equilibnum, none of which 
appears to be true Our assumption of the lower value is consistent with that made 
m explammg why Lundsgaard obtamed ratios CrP/HL greater than i 5 This 
assumption of the lower value imphes a ‘loss’ of most of the free energy of ATP 
breaLdown at this stage and an overall effiaency of about o 75 

It IS to be noticed also that while AFo for reaction 8a is suffiaent to phosphoiy'late 
creatine to a [CrP]/[Cr] ratio greater than i, AFo for reaction no is insuffiaent. 
This must mean that the stationary ratio of IP}'P]/[P}’] must be considerably greater 
than I The high thermal effiaency' estimated m the whole muscle (45) means that 
there is httle margm of energy and that all reactions, except 4, 8a and iia, must be 
near their equilibria 

in FHOSPHOSTOATlON ASSOCIATED WITH THE OXIDATtON OF CAEBOHi'DEATE 

The information aiailable here is m every way less complete than m the anaerobic 
case There is no doubt that phosphor}'’Iation of creatme does occur during the 
aerobic recovery of whole muscle, associated with the oxidation of glycogen, but 
there seem to be no reliable estimates of the ratio of phosphorylation to oxidation 
For example, different methods, thermal and chermcal, give a wide range of values 
for the 2 vIe}erhof Quotient, Lipmarm (40) accepts the value of 6, but though this is 
near the mean value, no great reliance is to be placed upon it. Closer study of 
phosphor} lation m tissue preparations has necessarily awaited the chermcal defim- 
tion of the path of oxidation of gl}'cogeu, this can now be taken as establidied, at 
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Reaction 8 Biicher (ii) appears to have made a direct study of this equilibrium, 
but we have been unable to find any pubhcation of the quantitative results Fortu- 
nately, it has been possible to obtain information about this equihbnum mdirectly 
through the measurement of reaction 7 by Warburg and Christian (74) of the reacbon 
i HDP -f Col + P + ADP = PGAad -f CoIHi + ATP by Meyerhof el al (49) 
and from reactions 5 and 6 

For reaction 7 Warburg and Christian (74) obtamed the values of K given in 
table 2 * From the data of Meyerhof et al (their table s), using the equilibnum 
constants for reactions 5 and 6 , it is possible to calculate values of K for reaction 8 
(table 3) Usmg Lipmann’s (42) value of — 13,000 calones for AFo of hydrolysis of 
ATP, a value of —18,200 calones for AFo of hydrolysis of diphosphoglycenc aad 
IS obtamed {reaction 8a) Usmg this value and — o 28 volt for E'o of Col, the value 
of E'o for phosphoglyceraldehyde-3-phosphoglycenc aad {reaction 70) is — o 67 volt. 

Table 2 

^ _ [diPGAad] ICoHj 
[PGA] [P] [Co] 

[PI 

mWimcUr K 

O 87 o 99 

16 8 O 87 

33 6 o 88 

log mean K — o 91 

Table 3 

[PGAad] [ADP] 

^ “ [diPGAad] [ADP] 

zxrrMocon' K X 10^ 

2 3 3 

3 8 2 
log mean K " s i X lo* 


zxmntTsn^ K X 

la 2 S 

ib 9 7 

* Meyerhof el al (49), table V 


Reaction 13 Banga (2) measured the equilibnum constant of reaction J 3 
AFo for reaction 13b is thence obtamed usmg Lipmann’s value of AF 0 for the hydrolysis 
of ATP 

Discussion Table i shows that, under standard condibons, the conversion of 
glycogen to lactate supphes just msufiSaent energy to phosphoiylate 2 moles of 
creatme per mole of lactate, alternatively, that at equihbnum there will be less 
creatme phosphate than creatme, if the concentrafaons of glycogen, lactate and 
phosphate are all imiL Correebon for the actual stabonaiy concentrabons of 
mibal and end products is applied, talmg the concentrabons (m resbng muscle) 


•In a paper rihich appeared after the manuscript of this review was complete, 

Oesper, / Biot Chem 170 i, 1947, describe extensive measurements on thi^drelated^m , 

their value of K for reacbon 7 at pn 7 Is close to that of Warburg and ^ e 

agree with Mejerhof and Oesper that Warburg and Christian did not regard this “ 

e^bnum, mdeed, the> speofically stated that it is so and their quanbtaUve results (table 2) 

EXipport this asserbon 
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dry state, but the free energy of solution of glycogen, per glucose residue, is certam 
to be relatively small and may be neglected The value of AF for the oxidation of 
pyruvate is also affected by the value assumed for AFo of reatiton 4a of table r, 
however, at the worst, the value given for AF per atom of oxygen would be 700 
calones too positive This difference also is unimportant 
Several mterestmg conclusions can be drawn at once from these results 
o) The value of the free energy depends on the partial pressure of oxygen at which 
the oxidation effectively occurs Now a given pressure of oxygen is related to a 
potential on the redox scale by the equation for an oxygen electrode 

Ei = o 82 + ^ 30 3RT log p(0,) = o 82 + o 0153 log p(Oj) 4 

4F 

where F is the electrochenucal equivalent and where E'h is measured against a 
hydrogen electrode at pH 7 We can then, by means of equations 3 and 4, calculate 
the free energy available from the oxidation of pyruvate at any value of E'h If we 
take the standard free energy of phosphorylation of creatme as +16,700 calones/ 
mole, and assume that phosphorylation occurs at a [CrP]/[Cr] ratio of umty, we can 
calculate from these free energies the maximum P 0 ratio obtainable from the 
oxidation of pyruvate at any E'h, that is, fit any effective pressure of oxygen that we 
choose Some examples are given m table $ 

Evidently a P 0 ratio of about 3 is the greatest possible, even if atmosphenc 
oxygen exerts its full oxidizing power It seems unlikely, however, that it can do so 
m the cellular system (see below) The next lower known redox system is cyto- 
chrome C, whose E'o is +0 26 volt (67), if oxidation occurred effectively at this 
potential, a P 0 ratio of only about r 8 could be obtamed Both these values 
assume an effiaency of i 

b) The standard free energy (37°C , sohd glycogen, pyruvate i M, pH 7, p(Oi) = 
pCCOi) = I atmos ) available from the aerobic conversion of glycogen to pyruvate is 
obtamed from table 4 Per atom of oxygen it is i(— 704,900 + 548,600) = — 78,300 
calones This is far m excess of the minimum needed to form i 5 or even 2 moles of 
creatme phosphate at a [CrP]/[Cr] ratio of umty 

c) Calculation of the free energy of formation of glycogen from its elements, from 
the heat of combustion and entropy of glycogen and from the known free energies of 
formation of COj and HjO, gives — 142,200 calones per glucose residue Thence 
for the reaction glycogen + HjO = glucose, AFo = —18,500 calones per mole of 
glucose (The values of the free energies of formation of water and of glucose 
were taken from Parks and Huffman, 61) This value may be wrong by several 
thousand calones, but it makes it clear why glucose must be phosphorylated by 
ATP, in contrast with glycogen which can react with morgamc phosphate 

P 0 Ratio In view of the conclusions reached m section a) above, a close ex- 
amination of Ochoa’s results becomes necessarj’- 
o) Brain dispersions (56), to which were added pyruvate, fumarate, phosphate, 
magnesium, coenzjme I and adenyhc acid, with creatme, glucose or hexosemono- 
phosphate as phosphate acceptor and fluonde to hmder the hydrolysis of ATP, 
showed some phosphorylation of adenyhc acid or of creatme, the phosphorjdation 
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least in its mam features (31) Little work has been done on the case corresponding 
to glj colysis, namely the oxidation of glycogen to pyruvate, and no clear evidence 
has been obtamed on the degree of phosphorylation connected with this process. 

However, vanous measurements of oxidative phosphorylation accompanying the 
oxidation of pyruvate and its mtermediates have been made, chiefly by Con and 
collaborators, by Ochoa and by Tzibakowa and Behtzer 
If we take the Meyerhof Quotient as bemg not less than 5, then the number of 
moles of phosphate combined, per ^ mole of glucose oxidized, must be at least 5 X 
I 5, allowmg I 5 for the contnbution of the process glycogen — > pyruvate (as m the 
anaefobic reaction) this leaves six to be accounted for by the oxidation of pyruvate 
This IS a minimum estimate and evidently the P 0 ratio (56) must be greater than i 
m Its average value and probably considerably higher m some of the mdividual stages 
of the oxidation Smce m none of the work of Con and collaborators is a P 0 ratio 
as great as i found, we shall confine attention to the work of Ochoa (The work of 
Behtzer and Tzibakowa (7) is not directly available to us ) 

Fret Energy of Oxtdalxon of Pyrniaie We shall first calculate the total free energy 
denvable from the oxidation of pjmivate, m order to find the hnut of pwssible values 
for the P 0 ratio The heat of combustion of dry glycogen is given as 4238 calones/ 
gram by Kharasch (29) or 686,600 calones/glucoside residue The entropy of 
glycogen per glucoside residue may be estimated as 35 4 cals/°C from the value of 
SO 7 for glucose less 15 3, the average decrease found for several reactions m which 
water is ehmmated (75) Then for the complete oxidation (CjHioOs) + 60 :“ 
6 COj + s HjO, AS = +62 7 calones/'C (usmg the values for 0 :, CO* and H :0 
given by Parks and Huffman, 61) and AF = AH — TAS = —686,600 — 298 X 62 7 
= — 705,300 calones pier glucoside residue at 2S°C (O3 and COj at one atmosphere 
and hqmd HjO) Now 



Therefore, AFo( 3 7°) = — 704,900 calones/glucoside residue 

The standard free energies of formation of lactate from glycogen and of the oxida- 
tion of lactate to pyruvate (at 37°C and pH 7) are already knowm (table r), and the 
standard free energy of formation of H-O is obtamed from Parks and Huffman (61) 
By difference, the standard free energj"^ of oxidation of pyruvate is obtamed (table 4) 
This value is for molar pyruvate at 37°C and pH 7, O: and CO- at one atmosphere 
and hquid H2O 

It IS com enient to correct this value to the conditions used m expenmen ts, namely 
pyruvate o 025 M and CO- at 40 mm Hg (these being of the order of magnitude of 
those m the cell) Furthermore, the pressure of 0 - may be less than one atmosphere. 
Appljnng these corrections we obtain 

AF/atom of oxygen = —55.500 — 70S login p(O-) calones 3 

where p(0:) is the partial pressure of the 0; m atmospheres 
The standard free energy' calculated here is for the oxidation of glycogen in the 
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with the same veloaty constant as in the presence of fluonde (full line m fig i), 
but a closer inspection of the data shows that the rate of liberation of phosphate is 
nearly the same m the two cases after five mmutes and that the uninhibited reaction 
IS therefore a compound one The rapid component of this compound reaction 
(complete withm five mmutes) is inhibited by fluonde, while the slower component is 
unaffected Moreover, the end pomt of the reaction m the presence of fluonde is at 
6 o per cent of that of the uninhibited process 
These facts exclude both the possibihty that fluonde produces a partuil inhibition of 
adenosme tnphosphatase, smce this could not give a first-order process going to a 
6 o per cent end pomt, and also the possibihty that fluonde inhibits the breakdown of 
adenosme diphosphate, smce this could explam neither the inhibition of the faster 
component reaction nor the 6o per cent end pomt On the other hand, ATP-ase 



must be inhibited by fluonde because fluonde is shown to brmg about an absolute 
mcrease m the amount of phosphate transferred from added ATP to glucose and a 
great mcrease m the aerobic phosphorylation of glucose, inhibition of the breakdown 
of ADP would not account for either of these facts smce ADP does not phosphorylate 
glucose (14) We are forced to conclude, therefore, that o 025 M fluonde produces a 
complete inhibition of adenosme tnphosphatase and that the phosphate which is 
liberated from added ‘ATP’ m the presence of fluonde is not denved from ATP 
This implies that Ochoa’s sample of ATP, though it contamed the theoretical 
amount of labile phosphate, consisted of only 40 per cent of true ATP, the residual 
60 p>er cent bemg another material of identical composition Although tbig con- 
clusion IS a Euipnsmg one, it is supported by BaQey’s (i) finding that sohd banum- 
ATP may break down to a considerable extent on long storage, mostly into adenyhc 
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TV as greater with glucose or hexosemonophosphate as acceptors The P 0 ratio 
fell rapidly with time from mitial values near 2 Lipmann (42) has suggested the 
extrapolation of Ochoa’s data to a P 0 ratio greater than 2 at zero tune, but this 
seems to be very nsky 

d) Heart muscle preparations were studied under similar conditions (57) With 
these, the P 0 ratio did not fall with time, and the same P 0 ratio was found whether 
glucose or creatme was the phosphate acceptor The values averaged i 91 with 
glucose and i 88 with creatme, with considerable variation about these values m 
different experiments Fluoride was agam mcluded 

It was shown m separate experiments that fluonde retarded the hberation of 
pho^hate from added ATP and mcreased the extent of phosphorylation of glucose 
by added ATP, though considerable liberation of morgamc phosphate still occurred. 
Ochoa argued that adenosme tnphosphatase (ATP-ase) was still partly active, even 
m the presence of o 025 M fluonde (at which concentration its maximum effect is 
obtamed), and that this lowers the P O ratio He attempted, therefore, to allow 
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for this assumed lowermg by measunng the P 0 ratio obtamed m the same system 
during the anaerobic reaction hexosediphosphate to phoqihoglycenc aad Now 
Needham and PiUai (51) and Meyerhof el al (49) had demonstrated m similar 
preparations, which did not con tarn ATP-ase, a P O ratio of about : for this reaction, 
Ochoa obtamed P O ratios of about 06 He therefore apphed a 40 per cent pro- 
portionate correction to the aerobic values, obtammg corrected values for the P 0 
ratio of about 3 

We do not accept the vahdity of this corrected value for the followmg reasons 
Ochoa’s results for the hberation of phosphate from ATP added to the preparation, 
m the absence of fluonde and m the presence of o 025 M fluonde, are plotted m 
figure I Although he does not quote an analysis of his sample of ATP, it is clear 
from his data that the content of labile phosphate is near to the value required and 
that all the labile phosphate is removed by enzymes m the preparation Hydrolysis 
m the presence of fluonde follows a first-order course closely (full hne in fig i) 
Hydrolysis m the absence of fluonde also follows approximately a first-order course 
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phosphorylation of 8 8 moles of creatine per mole of pyruvate, at a [Cr]/[CrP] ratio of 
unity It IS interestmg to note that the data ai^ailable on mdividual stages show that 
the sum of the free energies of reactions 7, 8, 9 and ii is —32,600 calories and of 
reactions 3, 4, 5 and 10 is — 35,600 calories, each bemg approximately sufficient for 
the synthesis of 2 moles of CrP Experimentally it appears that the P 0 ratios for 
readtmis 7 and for p plus ii are not greater than i (12, 13, 25), and Ochoa (57) has 
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shown that the oxidation of HjCoI {reaction ii), added to a heart muscle preparation, 
does not cause phosphorylation. 

Now, if the phosphate transferred is more than 8 moles per mole of pyruvate 
(a P 0 ratio greater than r 6), then, excluding the hydration and dehydration 
reactions, one or more smgle stages must lead to the transfer of more than one 
phosphate each This could happen m two ways the substrate molecule could 
combine mth two or more molecules of phosphate, all of which are made less stable 
by a subsequent reaction (though no experimental evidence supports the existence 
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acid and pyrophosphate , while Lohmann (43) showed that frog muscle containing 
a pyrophosphatase is not inhibited by fluoride at 38° The actions of ATP-ase on 
ATP (40 per cent inhibited by fluonde) and of pyrophosphatase on pyrophosphate 
(60 per cent, not inhibited by fluonde) would account for Ochoa’s results. 

This mterpretation of Ochoa’s results also explams the fact that the same P 0 
ratio was obtamed for the phosphorylation of both glucose and creatme It n ould be 
difficult to understand this findmg if adenosme tnphosphatase were still residually 
active m the presence of o 025 M fluoride, smce the great difference of the free energies 
of phosphorylation of the two acceptors would demand very different ratios of 
[ATJ’]/[ADP] to effect their phosphorylation, one would have expected appreaably 
lower values of P O for creatme than for glucose The smgle experimental objecbon 
to our interpretation is Ochoa’s value of only o 6 for the P 0 ratio of the anaerobic 
reaction m the presence of fluonde We are unable to explam this 
We consider, m spite of this, that the balance of evidence favors the conclusion 
that o 025 M fluoride completely inhibits ATP-ase, and we conclude that Ochoa’s 
observed P 0 ratios for the aerobic reaction do not requure correction but measure 
directly the uncomphcated oxidative transfer of phosphate 
c) Ochoa (58) observed the phosphorylation which accompames the oxidation of 
a-ketoglutarate m the heart muscle preparation in the presence of malonate and 
fluonde He obtamed similar P 0 ratios with a-ketoglutarate and pyruvate in 
parallel experiments, though all the values were rather lower than m the previous 
work There is no reason why the conclusions given above should not apply to this 
work also, and the P 0 ratios should again be taken at their face values 
These results, as we mterpret them, suggest that, per 5 mole of glucose oxidizea, 
the number of moles of phosphate combmed is about ii (i 5 -p 5 X i 9), assummg a 
contnbution of i 5 moles of phosphate from the aerobic stage glycogen — > pyruvate 
Assummg the same jneld from the anaerobic reaction glycogen — » lactate, this 
correspionds to a value for the Meyerhof Quotient of 7 3 This value is m the upper 
range of direct estimates of this quotient, whereas any considerably higher value 
for the P 0 ratio m the oxidation of pyruvate would give a value outside the range 
Mechanisms for Phosphorylation The essential nature of any reaction which 
leads to phosphorylation has been mdicated The mtermediate with which the 
phosphate first combmes must be capable of undergomg a reaction whose change of 
free energy is negative and which leads to a phosphate compound of low er stabihty 
Such a reaction could be a dehydrogenation, a dehydration, a hydration or a de- 
carboxylation Some hght may be thrown on oxidative phosphorylation by an 
e.xanunation of the supposed stages of oxidation of pyruvate from this viewpoint, 
at the same time we shall examme the thermodynamic data The data at present 
a^allable are gi\en m table 6 (columns as in table i) 

The whole series of reactions imohes 5 dehydrogenabon, 3 decarboxj lation and 
3 hydration or dehydration stages If it is supposed that each of these could be 
mechamstically concerned m the transfer of i phosphate, the total is ri, if the 
hydration and dehydration stages are e.\cluded (no experiment suggests othenMse), 
the total IS 8 For comparison with this, if we assume oxidaUon at -fo 26 volt, the 
total free energy change durmg the oxidaUon of molar pyru\atc would allow for 
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phosphoiyktion of 8 S moles of creatme per moJe of pyruvate, at a [Cr]/[CrP] ratio of 
unity It IS mterestmg to note that the data available on mdividual stages show that 
the sum of the free energies of reactions 7, 8, 9 and ii is —32,600 calones and of 
reactions 3, 4, 5 and 10 is —35,600 calones, each being appronmately suffiaent for 
the synthesis of 2 moles of CrP Experimentally it appears that the P 0 ratios for 
Ttadvms 7 and for p plus rr are not greater than i (ra, 13, 25), and Ochoa (57) has 
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shown that the oxidation of HjCoI {reaction ii), added to a heart muscle preparation, 
does not cause phosphorylation 

Now, if the phosphate transferred is more than 8 moles per mole of pyruvate 
(a P O ratio greater than r 6), then, excludmg the hydration and dehydration 
reactions, one or more smgle stages must lead to the transfer of more than one 
phosphate each This could happen m two ways the substrate molecule could 
combme with two or more molecules of phosphate, all of which are made less stable 
bj a subsequent reaction (though no exjieiimental evidence supports the existence 
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of such compMDunds) or (as suggested by Lipmann, 41) an mtermediate earner of 
hydrogen might be involved, itself undergoing an oxidation-reduction and phos- 
phorylation-dephosphorylation cycle Such a earner mechanism raises certain 
specific problems which will be discussed m the next section A more general 
kmebc problem, however, is raised by both mechanisms and this will be discussed in 
section 5 


rv CAREIERS 


General Gamers have hitherto been considered almost exclusively with respect 
to their function m the transpiort of hydrogen A earner is a substance which can 
accept hydrogen from a reduemg system and pass it on to an oxidizmg system, it 
may form an essential or a jmrmissive link m the process of hydrogen transport 
Generally, the earner will have a different stationary ratio of oxidized to reduced 
forms at these two sites, mamtamed by the oxidative and reductive processes at 
them, and by diffusion between them This difference of ratios corresponds to a 
difference of E'h and could be\he means by which a part of the energy of the oxidative 
process is made available The maximum energy obtamable from such a process is 
AF = — aFAE'h = — RTA(ln[Ox]/(Red]) calones per mole of Hj transferred, where 
AE'h IS the difference between the values of E'h at the two sites (For a value of 
AF of —16,700 calones, A(logio(Ox)/(Red)) is about 12 ) 

Transfer of phosphate could result from reactions of a earner molecule C by the 
following cycle of processes 


CHj -h P CH.P 
CH,P - 2 H CP 
CP -h A -> C -}- AP 
C -f- 2 H CH, 


‘low energy phosphate’ 

‘high energy phosphate’ 
phosphorylation of acceptor 
reduction of unphosphorylated earner 


This differs from the general mechamsm of phosphorylation by a substrate m being 
cychc Thus, while it is the unphosphorylated C which is hydrogenated, it is the 
phosphorylated CHjP which is dehydrogenated, implying a difference m the enzj'- 
matic processes of reduction and oxidation of the earner It must be assumed either 
that there are two different enzymes or, equally jiossible, that there is a smgle 
enzyme havmg a double specifiaty Furthermore, smee there is no net change m 
the amounts of oxidized and reduced earner, the energy is not denved from oxidation 
of the earner, but comes, mduectly, from the oxidation of the ultimate reductant 
(substrate) by the ultimate oxidant (effectively oxygen, cytochrome, flavoprotein 
etc , accordmg to the conditions) 

In pnnaple, any earner system could perform a transfer of phosphate when 
workmg over a sufSaent interval of E'h Such a system need not mvolve an mter- 
mediate metabohte nor need the oxido-reducbon mvolve the transfer of hydrogen 
Thus coenzymes I and n flavoprotems or cytochromes could act as phosphoiylatmg 
earners, if a mechanism existed for the transfer of phosphate. 

A necessary but not sufBaent proof that a given substance can act as a phos- 
phorylatmg earner is that its oxidation can be shown to lead to phosphorylation. 
Such evidence is entirely lackmg except for the earner system postulated by Szt 
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GyBrgyi ( 73 ), consisting of the succmate-fumarate or malate-oxaloacetate pairs, 
phosphoiyktion has been shown to accompany the oxidation, as substrates, of 
both malate ( 25 ) and succinate ( 12 , 13 ), and it is therefore possible that it might 
accompany their oxidation as earners 

Succinate and Malate as Comers It may be said at the outset that the evidence 
for the partiapation of succinate and malate m hydrogen transport is far from 
conclusive, but there is perhaps too much favorable evidence for the Szt Gybrgyi 
scheme to be completely neglected There is no experimental evidence that the 
dicarboxyhc aads lead to phosphorylation when actmg as earners, but no one appears 
to have looLed carefully for this or for any effect which their presence might have 
on the P 0 ratio (The q^tem m which this should be most clearly detectable, if it 
occurs, IS that m which SzL Gydrgyi first claimed to have shown their activity m the 
transport of hydrogen, namely m the oxidation of glycogen, glucose or an mter- 
mediate to pyruvate ) 

We shall therefore reexamme bnefly the evidence that succinate or malate can be 
active m hydrogen transport SzL Gyorgyi’s onginal claim was based on the 
activity of the enzymes mahe dehydrogenase, fumarase and succmic dehydrogenase, 
the abflity of the last to react with cytochrome C and the now well-known effects 
of the chearboxyhe aads m mcreasmg and stabilizing the rate of oxidation of glucose 
by tissues which have been ground, dialyzed or otherwise damaged These facts 
are not m doubt and have been widely confirmed by later workers The probabihty 
that the succmate-fumarate reaction is significant m the transfer of hydrogen from 
substrates which reduce Col was lessened by the failure to demonstrate a rapid 
reaction of fumarate with H5C0I ( 16 ) and by the mdependence of succimc dehydro- 
genase of Col Furthermore, Potter ( 63 ) demonstrated that a reconstructed enzyme 
tystem could oxidize tnose phosphate rapidly m the presence of enough malonate to 
prevent completely the oxidation of added succinate Straub ( 68 ) has also shown 
that washed muscle does not need sucemate to dehydrogenate malate It seems 
to be agreed that sucemate is not a earner, but ^ we have seen, a difference of 
enzjmatic speafiaty is needed anyway if a hydrogen earner is also to phosphorylate, 
and It IS not necessary to assume that a earner forms an essential hnk The question 
of the partiapation of succinate m hydrogen and phosphate transport should not 
therefore be regarded as quite closed 

Other work bears on the activity of the malate-oxaloacetate q^tem, (Although it 
IS often fumarate that is added, the presence of fumarase makes this eqmvalent to 
malate ) Several workers have shown that, on the addition of these aads, true 
catal3rtic effects occur, that is, an maease of oxygen uptake which cannot be ac- 
counted for by the oxidation of the added dicarboxyhc aad as a substrate Thus 
Stare ( 65 ) and Stare and Baumann ( 66 ) showed clearly the catalytic effect of small 
quantities of fumarate m muscle preparations, this maeasmg with the damage to 
the bssue. Citrate had much smaller effects Colowick et al ( 13 ) shoved that 
sucemate is catalytic m the oxidation of glucose and p3'TUvate by homogenized 
kidne}', Banga el al ( 3 ) showed that atrate and or-ketoglutarate are much less 
acti\e than are the dicarboxyhc aads m dispersions of bram The mterpretabon 
of these catalytic effects is made doubtful, houe\’'er, by the existence of an alternative 
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of such compounds) or (as suggested by Lipmann, 41) an mtennediate earner of 
hydrogen might be mvolved, itself vndergoing an oxidation-reduction and phos- 
phoiylation-dephosphorylation cycle Such a earner mechanism raises certam 
specific problems which will be discussed m the next section A more general 
kmebc problem, however, is raised by both mechanisms and this will be discussed m 
section 5 


rv CABKIERS 


General Gamers have hitherto been considered almost exclusively with resjiect 
to then function m the transpiort of hydrogen A earner is a substance which can 
accept hydrogen from a reduemg S5rstem and pass it on to an oxidizing system, it 
may form an essential or a permissive link m the process of hydrogen transport 
Generally, the earner will have a different stationary ratio of oxidized to reduced 
forms at these two sites, mamtamed by the oxidative and reductive processes at 
them, and by diffusion between them “Hus difference of ratios corresponds to a 
difference of E'h and could be'lhe means by which a piart of the energy of the oxidahve 
process is made available The maximum energy obtainable from such a process is 
AF = — zFAE'h = — RTA(ln[Ox]/[Red]) calones per mole of Hj transfened, where 
AE'b IS the difference between the values of E'h at the two sites (For a value of 
AF of —16,700 calones, A(logio(Ox)/(Red)) is about 12 ) 

Transfer of phosphate could result from reactions of a earner molecule C by the 
following cycle of processes 


CHs - 1 - P CH,P 
CH,P - aH-^’CP 
CP -f A ^ C -t- AP 
C-f- 2H-^CHa 


‘low energy phosphate’ 

‘high energy phosphate’ 
phosphorylation of acceptor 
reduction of unphosphorylated earner 


This differs from the general mechanism of phosphorylation by a substrate m being 
cychc Thus, while it is the unphosphorylated C which is hydrogenated, it is the 
phosphorylated CHjP which is dehydrogenated, implymg a difference m the enzy- 
matic processes of reduction and oxidation of the earner It must be assumed either 
that there are two different enzymes or, equally possible, that there is a single 
enzyme having a double specifiaty Furthermore, smee there is no net change m 
the amounts of oxidized and reduced earner, the energy is not denved from oxidation 
of the carrier, but comes, mduectly, from the oxidation of the ultimate reductant 
(substrate) by the ultimate oxidant (effectively oxygen, cytochrome, flavoprotem 
etc , accordmg to the conditions) 

In pnnaple, any earner system could perform a transfer of phosphate when 
workmg over a suffiaent mterval of E'h Such a system need not mvolve an mter- 
mediate metabohte nor need the oxido-reduction mvolve the transfer of hydrogen 
Thus coenzymes I and IT flavoprotems or tytochromes could act as phosphorylatmg 
earners, if a mechanism existed for the transfer of phosphate. 

A necessary but not sufiiaent proof that a given substance can act as a phos- 
phorylatmg earner is that its oxidation can be shown to lead to phosphorylation 
Such evidence is entirely lacking except for the earner system postulated by Szt 
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Gyoigyi (73), consisting of the sucanate-fnmarate or malate-oxaloacetate pairs, 
phosphorylation has been shown to accompany the oxidation, as substrates, of 
both malate (25) and succinate (12, 13), and at is therefore possible that it rmght 
accompany their oxidation as earners 

Siiccwale and Malale as Gamers It may be said at the outset that the evidence 
for the partiapation of succinate and malate m hydrogen transport is far from 
conclusive, but there is perhaps too much favorable evidence for the SzL Gydrgyi 
scheme to be completely neglected There is no experimental evidence that the 
dicarhoxyhc aads lead to phosphorylation when actmg as earners, but no one appears 
to have looked carefully for this or for any effect which their presence might have 
on the P 0 ratio (The system m which this should be most clearly detectable, if it 
occurs, IS that m which SzL GySrgyi first claimed to have shown their activity m the 
transport of hydrogen, namely m the oxidation of glycogen, glucose or an mter- 
mediate to pyruvate ) 

We shall therefore reexamine bnefly the evidence that succinate or malate can be 
active m hydrogen transporL SzL Gybrgyi’s ongmal daim was based on the 
activity of the enzymes mahe dehydrogenase, fumarase and succinic dehydrogenase, 
the abflify of the last to react with cytochrome C and the now well-known effects 
of the dicarboxyhc aads m mcreasmg and stabihzmg the rate of oxidation of glucose 
by tissues which have been ground, dialyzed or otherwise damaged. These facts 
are not m doubt and have been widely confirmed by later workers The probabihty 
that the succinate-fumarate reaction is significant m the transfer of hydrogen from 
substrates which reduce Col was lessened by the failure to demonstrate a rapid 
reaction of fumarate with HjCoI (16) and by the mdependence of succmic dehydro- 
genase of Col Furthermore, Potter (63) demonstrated that a reconstructed enzyme 
tystem could oxidize tnose phosphate rapidly m the presence of enough malonate to 
prevent completely the oxidation of added succinate Straub (68) has also shown 
that washed muscle does not need succinate to dehydrogenate malate It seems 
to be agreed that suconate is not a earner, but, as we have seen, a difference of 
enzjmatic specifiaty is needed anyway if a hydrogen earner is also to phosphorylate, 
and It IS not necessary to assume that a earner forms an essential link The question 
of the partiapation of suconate m hydrogen and phosphate transport should not 
therefore be regarded as quite closed 

Other work bears on the activity of the malate-oxaloacetate system (Although it 
IS often fumarate that is added, the presence of fumarase makes this eqmvalent to 
malate) Several workers have shown thaL on the addition of these aads, true 
cataljdic effects occur, that is, an maease of oxj'gen uptake which cannot be ac- 
counted for by the oxidation of the added dicarboxyhc aad as a substrate Thus 
Stare (65) and Stare and Baumaim (66) showed clearly the catalytic effect of small 
quantities of fumarate m muscle preparations, this maeasmg with the damage to 
the tissue Citrate had much smaller effects Colowick et al (r3) showed that 
suconate is catalytic m the oxidation of glucose and pjTuvate by homogenized 
kidne}', Banga el a] (3) showed that atrate and «-ketoglutarate are much less 
active than are the dicarboxyhc aads m dispersions of beam The mterpretation 
of these catalytic effects is made doubtful, how ever, by the existence of an alternative 
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explanation, namely, that oxaloacetate acts by condensing with pyruvate or a 
product of pyruvate m the ^modified citnc acid cycle’ (31) None of the experiments 
quoted can distmguish between these two explanations In either case, it is oxalo- 
acetate which is believed to cause the catalytic increase m respiration, either by acting 
as a hydrogen earner or by condensmg with ‘p3TTivate,’ and other mtennediates are 
catalytic only insofar as they give nse to oxaloacetate Krebs’ (31) demonstration 
that vanous members of the cycle are eqmvalent as substrates (at much above the 
concentrations needed for a catalytic effect) does not affect this conclusion, because 
of the possibihty of saturation of an enzyme mediatmg a later stage 

Another hne of evidence is the demonstration that oxaloacetate can accept hydro- 
gen from vanous substrates, although this evidence is pemnssive rather than cogent 
Szt Gybrgyi (72) and Pamas and Szankowski (62) showed that during ‘carbohydrate’ 
oxidation the reduction of oxaloacetate to malate occurs (Negelem and Bromel, 53, 
54, have shown that this oxidaPve stage involves phosphoglyceraldehyde ) Breusch 
(10) demonstrated the anaerobic reduction of oxaloacetate, and Krebs ei al ( 3 c>- 34 ) 
showed that oxaloacetate is reduced to malate by h}Tirogen from pyruvate plus 
oxaloacetate and by atrate However, the demonstraPon of the anaerobic reduebon 
of oxaloacetate does not prove that this is of importance imder aerobic condiPons and 
agam another explanaPon of the aerobic formapon of malate from oxaloacetate is 
possible Thus, the ‘modified atne aad cycle’ allows malate to be generated 
aerobically through an oxidaPve process, so that the demonstraPon of its formaPon 
does not prove that it was formed reducPvely from oxaloacetate (This possibihly 
does not exist m the anaerobic experiments ) We conclude that, on the experimental 
evidence, the case for sucemate or malate as hydrogen earners is neither proved nor 
disproved 

One general objeePon to the idea of the malate-oxaloacetate system will be dis- 
cussed further This has been forably stated by Ball (r), that smee, as far as is 
known, oxaloacetate must receive h)nirogen from and malate give up hydrogen to 
Col, “we are right where we started’’ and the scheme seems “pomtless” 

Dtffttsvm tn Hydrogen Trans port Unless all the enzymes concerned with the 
oxidaPon of a substrate are arranged m the cell with their acPve groups closely 
adjacent, diffusion through space of earner molecules must occur What evidence 
there is suggests that they are not so arranged. The proteins concerned (dehydro- 
genases, flavoproteins, cytochromes) could diffuse relaPvely slowly, if at all, and 
transport from one to another must be performed by smaller molecules We may 
suppose that the coenzymes perform such a funePon The rate of oxidaPon might 
then depend on the rate of their diffusion as well as ujxm the rates of their reaePons 
with substrate (at the surface of a dehydrogenase molecule) and with flavoprotein. 
In order to mvespgate this possibility theoretically, we choose the case where the 
molecules of protem occur randomly m the soluhon A molecule of coenzyme I or 
n IS considered to react immediately on collision with an enzyme molecule so that 
the rate of diffusion determmes the rate of hydrogen transport. 

Let the number of molecules per ml of dehydrogenase be ni and of flavoprotein nj, 
let the concentralwns of unbound Co be ci and of unbound H-Co be c- moles per 
hter, let the effecPve collision areas of Co with dehydrogenase and of HjCo with 
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flavoprotein be Ai and A; cm respectively, and the diffusion constant of Co and 
H.Co be D cm - sec~^ 

Consider the diffusion of a molecule of H;Co, whicb has just been hydrogenated 
Irresjiectiv'e of the direction of its diffusion, the probabihty that its first effective 
collision with a molecule of flavoprotem will occur at a distance between x and 
X + dx from its position at zero time isnjA; dx Accordmg to Einstem (17) 

the tune taken for a particle to diffuse a distance x is t = x^zD The mean itme 
taken by all molecules of HjCo, from the moment of hydrogenation to that of the 
next dehydrogenation, is therefore 

ti = — f njAi X* dx / f 112 Aj dx = l/DnjAj 

2D •'0 /Jo 

Similarly the mean tune for the reverse process is fi = i/DnrAi*, for a steady state, 
Cits = csti, and the rate of hydrogen transport is given by ci/ti = cj/i- moles/hter/ 
second 

This result is of no mterest unless it can be gi\en a quantitative value, and m 
order to do this, we shall ha\ e to guess fairly boldly Schlenk (64) mdicates that the 
total concentration of all dehydrogenases is 1 to 2 grams per 100 ml m muscle, and, 
if an ai erage molecular weight of 35,000 is assumed, this makes nj about N X 4 X 
molecules/ml (where N is the Avogadro number 6 06 X lo®*) Ball (i) gives a 
xalue for the concentration of flai oproteins of 8 X io“* molar, whence n. is about 
N X 8 X io~^ molecules/ml He also gives 25 X io~* molar for the total con- 
centration of CoL 

Howei er, a fraction of the Co is bound by dehydrogenases and bj flavopro terns, 
the -values of Km for the combination of Col with dehydrogenases seem to he between 
icr^ and io~‘ molar (e g , Negelem and Wulff, 55, Green, 19, Green and Brosteaux, 
20, Needham e! al , 52), and Haas (21) gives io~® for the Km of combination of HjCoH 
-with cytochrome reductase Thus, takmg a mean value for all KmS of 3 X lo”*, the 
concentrabon of free coenzymes (ci -f c-) is about 3 X molar 
The radius of a protem molecule is about 2 X io~’ cm so that its sphencal area is 
5 X icru cm - Howev er, the effective collision area is likely to be much less than 
this, smce only a part of the enz}Tne surface -will be acbve and smce the Co and 
enzjnne probably must colhde -withm a certam range of relabve onentabon for 
reacbon to occur e assume, therefore, an effecb-ve collision area 50 tunes less, 
that IS of io~“ cm - (= 100 A-) D is likely to be about 5 X io~* cm.- sec.~^ 

Usmg these vnlues 

li = o 034 seconds and = o 85 seconds 

Cl = o II X io~® molar and c- = 2 9 X 10"* molar 

Thus the rate of transport of hj drogen bj diffusion becomes 3 3 X io~® moles/hter/ 
second This value maj be compared with observ’^ed values of the Q(OJ of whole 
muscle, a reasonable value for which is — 10 Such a QfCh) correspionds to about 
io~* moles/hter/second for the whole vnlume of the muscle 
This result mdicates that the diffusion of coenzjme could be a limi ting factor m 
the transport of hj drogen and thence in the total process of oxidabon It would 
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be ea^, by modifying the quantitative assumptions, to obtam much higher or much 
lower predicted values for the rate of the diffusion process, but we regard the assump- 
tions which we have made as reasonable Moreover, arrangements m space of the 
proteins other than random would also inaie a great difference to the demands on 
diffusion. If the dehydrogenases were closely grouped with the flavoprotems the 
demand would be less, but if the flavbprotems and dehydrogenases were separately 
grouped, at a distance from each other, the importance of diffusion would be still 
greater 

One can now see what might be the importance of the dicarboxyhc aads m hydro- 
gen transport, they could reheve the diffusion Tiottleneck’ by acting as more rapid 
earners between the two enzyrme systems — oxaloacetate receivmg hydrogen from 
HjCoI at one site and the malate, after diffusion, passmg hydrogen to Col and thence 
to flavoprotem at another site This facihtating effect could be considerable because 
of the relatively high concentration of unbound dicarboxyhc aads, though their 
presence would not be essential to the transport of hydrogen At the same time, 
energy could become available for phosphorylation, provided that the conditions 
discussed earher were fulfilled 

It IS to be noted that this scheme imphes the close spatml apposition of the enzyme 
which dehydrogenates malate or phosphomalate (whichever is concerned) to the 
flavoprotem and of that which hydrogenates oxaloacetate to the substrate dehydro- 
genases 


V KINETIC PROBLEMS 

We have seen that the amount of energy avadable from the oxidative process 
iS dependent on the E'h at which oxidation of the substrate effectively takes place 
There is no evidence that phosphoiylation accompames the oxidation of any sub- 
stances other than mtermediary metabohtes, and Ochoa (57) found no phosphoryla- 
tion dunng the oxidation of HiCoI If we assume, m accordance with this evidence, 
that aU oxidative phosphorylation is assoaated with the oxidation of metabohtes by 
Col or Con, then the E'h at which the coenzymes oxidize the substrate determmes 
the energy available and therefore limits the amount of phosphorylation Table 5 
shows that E'h must be at least -f-o 26 volt to give a P 0 ratio of i 8 m the oxidation 
of pyruvate, whether a earner is mvolved or not. 

Smee the E'o of uncombmed Col is — o 28 volt (8), at E'h+o 26 volt the ratio of 
imcombmed [HjCo]/[Co] is io~“ The total concentration of uncombmed Co is of 
the order of 10“* molar, so that the concentration of uncombmed HiCo is 10”’’ 
molar (This conclusion holds whether it is considered that dehydrogenation of the 
pubstrate takes place directly or that the malate-oxaloacetate system mtervenes ) 
At such a concentration the rate of reaction would be effectively zero smee o) the 
rate of collision between HjCo and flavoprotem is effectively zero, and b) the rate of 
reaction of the H-Co-flavoprotem complex, m equihbnum with io““ molar un- 
combmed HjCo, would be effectively zero (Assummg that Hogness’ (23) values 
for Km and K,, for the complex between HjCoII and cytochrome reductase, apply 
here the concentration of this complex aould be molar and its rate of reaction 
3 X io“” moles/hter/second ) 
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Clearly sometmg is wrong In order to account for the observed phosphorylation 
and an adequate rate of oxidation, we must assume one or both of the foUowmg 

I a) that the rate of collision between uttcomhned HjCo and flavoprotem does 
not limit the rate, because hydrogen is transferred from the substrate or a earner, 
directly to Co which is already m combination with flavoprotem This necessarily 
imphes that the dehydrogenase of the substrate or earner forms a part of a complex 
with flavoprotem and 6) that there is a very much larger concentration of the HjCo- 
flavoprotem complex m equilibnum with io~-* molar uncombmed HjCo than Hog- 
ness’ figures would suggest, this bemg necessary m order to give an adequate rate of 
reaction of the complex This would mean that Km must have a very low value, of 
the order of io~“, compared with the value io~* found by Hogness 

2) that the initial assumption is wrong, though it was suggested by the expen- 
mental data, and that further phosphorylation can accompany the oxidation of some 
earner ^tem or systems of E'o higher than that of the coenzymes, such as succinate, 
flavoprotem or cytochrome No mechamsm of phosphate transfer by the last two 
has been proposed 

Even with asstmplton 2), it is necessary that the E'h at which coenzyme is oxidized 
should be, at the lowest, — o 02 volt if phosphoiylabon of creatme is to accompany 
the oxidation of pyruvate mtermediates by coenzyme This would imply a con- 
centration of about io~^* molar for uncombmed HtCo, which is still very low Fur- 
thermore, there is some difficulty m understanding the kmebes of any earner system 
which IS to produce 16,700 calones per mole of hydrogen transferred smee it must 
work over an mterval of E'h of at least o 36 volt Optimally, its E'o would he m the 
middle of this mterval, when its upper and lower values of E'h would then correspond 
to rabos of oxidized to reduced forms of ro® and io~* 

More experimental evidence bearmg on these problems is needed for further 
discussion of them to be profitable 

VL CONCLUSION 

We have surveyed the evidence which bears on the rekbon^p between oxidabon 
and phosphoiylabon mainly from the viewpomts of thermodynamics and kmebes 
The result has been to set limits and to emphasize the existence of problems rather 
than to make a posibve contnbubon towards the understandmg of these processes, 
but we hopie that our enbosm may be a help to future work. In jiarbcular 

1) We doubt whether the present evidence justifies the assumpbon of a P 0 rabo 
greater than 2 m the oxidabon of pyruvate 

2) Accordmg to our present knowledge it is difficult to understand on kmebc 
grounds how a P 0 rabo even as low as 2 can be achieved at an appreciable rate of 
reacbon Light should be thrown on this problem as infoimabon accumulates 
about the spabal distribubon of enzyme systems m rel)<; and about the possibihty of 
phosphoiylabon accompanymg any oxidabve processes other than those of substrates 
by pyndme nucleobde coenzymes. 

3) It has been shown that catalytic effects of mtermediates on oxidabon might be 
due to their assisbng m the diffusional transport of hydrogen In ibis conneebon, 
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acHon of intermediates could be combmed with that of phosphate transport In 
formation on these two aspects might be best obtamed from the study of some simple 
oxidative process, such as that of phosphoglyceraldehyde to phosphoglycenc aad 
In general, we have tried to mdicate how chenucal, thermodynamic and Lmehc 
types of evidence may supplement each other m leadmg to the understandmg of 
cellular processes 

We are indebted especially to C G Miller and to R. G Tucker and to many otheis for helpful 
cnbasm. 
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ALLOXAN DIABETES 

F D W LUKENS 

From the George S Cox Medical Research Institute, University of Pennsylvania 
PHILADELPHIA, PENNSYLVANIA 

E xperimental diabetes was first produced by total or partial pancreatectomy 
The second method of mducmg diabetes was by means of anterior pituitary 
extract The third form of experimental diabetes was produced m 1943 by 
the a dm i nis tration of alloxan after the discovery by Dunn, Sheehan and McLetchie 
(59) this substance caused necrosis of the pancreatic islets These persistent 
or permanent forms of e^enmental diabetes are to be distmguished from the various 
temporary glycosurias or hyperglycemias The hterature on alloxan diabetes will be 
reviewed under the foUowmg headmgs I History and general description of alloxan 
diabetes, H The mechanism of action of alloxan on susceptible cells, espeaally 
those of the islands 

HISTORy, nature and CXItJRSE OF ALLOXAN DIABETES 

Early BuhChemistry of Alloxan Alloxan was first made by Woehler (172) m 
1838 by the oxidation of unc aad Smce then there have been only a few references 
to its biological significance In 1862 Liebig (133) found alloxan m the mtestinal 
mucus of a patient and m 1866 Lang (124) reported a patient who excreted alloxan 
or a precursor thereof m the urme The tests were probably vahd by modem ap- 
praisal (3) Early studies (4, 149) on the reversible reaction, unc aad ^ dialunc 
aad, mdicate that alloxan may be present m traces m blood (3) The alloxan-dialunc 
aad oxidation-reduction system has been descnbed (150, 171) The reactions of 
alloxan with sulfur compounds (132) and its action as a capillary poison have been 
studied (122) Its excretion was mvestigated by Cerecedo (34) and httle has been 
added by later investigators Cerecedo (34) ates older references mdicating that 
alloxan is to a large extent destroyed m the body and descnbing the red color of the 
urme after its mgestion m dogs and nuce Although a fraction of the alloxan may be 
converted mto alloxan tm and exacted m the urme as murexide most of it was thought 
to be ehmmated m the bde, perhaps as ethereal sulfate There was a shght increase 
m the total nitrogen output but the urea figures showed that alloxan was not broken 
down to urea In every case there was a drop m the morgamc sulfates on the day 
afta its admmistration which was by mgestion with food The fall m morgamc 
sulfates was not compensated by a rise m any other sulfur fraction of the urme, hence 
the assumption that it was possibly excreted by the bile He also concluded that 
alloxan was not a physiological breakdown product of unc aad Dilute concentra- 
tions of alloxan mcreased the oxygen uptake of hver suspensions and greatly accel- 
erated their oxidation of ethyl alcohol (18) Alloxan inhibited the conversion of the 
Con ester to the Robison ester (129) The acute hypoglycemic action of alloxan was 
first descnbed by Jacobs (104) 
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Delermtnalton of Alloxan Since the discovery of alloxan diabetes numerous 
methods for the quantitative determination of alloxan have been dewloped The 
first to appear was that of Leech and Bailey (128) which, though of limited specifiaty, 
demonstrated the instabdity of alloxan m blood, a findmg which has been fully con- 
firmed (3, 22, 84, 115) In his article descnbmg six methods for the determination of 
alloxan, Archibald (3) gives a detailed review of the chemistry of alloxan and of the 
problems of specifiaty, accuracy and choice of these methods The fluorometnc 
methods (3, 115) which are the most sensitive have shown that if alloxan is present m 
normal blood there is less than 10-20 gamma per 100 cc. These results appear to 
disagree with the reports (152, 167) that, by quahtative tests, alloxan or its reduction 
products may be a normal constituent of certam tissues A microbiological and 
another fluorometnc method (15) as well as another colonmetnc method apphed to 
blood and tissues (22) provide the mvestigator with a large (hoice of procedures In 
addition to other cheimcal considerations the extent to which related compounds 
may be converted iw mw to alloxan or to its reactive denvatives must be taken mto 
account m the interpretation of results obtamed by these procedures 

Produdton and Course of Alloxan Diabetes This has been previously reviewed 
73 i 77 ) 113) The background of the ongmal observation m rabbits is ated 

m the authors’ words (59) 

“Eipenments were being conducted recently by one of us (J S D ) with the object of eluadating 
the pathogenesis of the renal lesion of the crush syndrome and of the somewhat similar condition 
which has been observed to follow the acadent of a mismatched blood transfusion In the course 
of these eqienments trial was made by intravenous mjecUon of a number of substances which might 
influence partiailarly the lower segments of the rmml nephrons Among other hnes mvesbgated 
in this waj line aad and related products were exhibited, as it had been found bj Dunn and Poison 
(1926) that unc aad, smtably apphed experimentally, could produce a selective lesion m the renal 
second convoluted tubules and collectmg tubules Among the substances m this senes alloxan was 
found imtiall} to give very promismg results which may be recorded at another time A difflculty 
which arose, however, in the successful establishment of a tubular nephntis by use of alloxan was 
that with the order of dosage required for this purpose man> animals died dimng the first daj or so 
with distmctive symptoms which were not referable to renal disease. It was in the mvestigations 
of these earlj deaths that a lesion was discoiered m the islets of Langerhans ” 

These authors foimd the mitial nse and subsequent fall in blood sugar, and they 
proposed the search for ammals that would survive with diabetes This was soon 
achieved by them (58) and by others (5, 74) 

Sfectes FoUowmg the ongmal announcement that alloxan caused necrosis of 
the islets, permanent diabetes was soon produced m rabbits (5, 39, 52, 54, 117, 118), 
(s3, 58, 80, 86, 102, 116, 126) and dogs (33, 74, 93, iii, 159, 166) In the suc- 
cessful experiments, diabetes was apparent m 24 hours and was permanent In 
certam speaes with few beta cells, such as the sheep, pigeon and frog, it has been 
difficult to define islet lesions Although mmor lesions of the islands are reported in 
the toad, diabetes does not occur, m contrast to the response of this speaes to pan- 
createctomy Before discussmg the general range of dosage given m table i, certam 
general comments may be made The use of alloxan has enlarged our Lnov ledge of 
diabetes m different speaes because alloxan diabetes can be produced m those animals 
with a diffuse pancreas The ease with is hich the rat, m particular, is made available 
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for the study of diabetes is a boon to investigators In general the use of aUoxan has 
confirmed previous knowledge of the response of different animals to diabetes Thus, 
the duck does not have the sustamed hyperglycemia after pancreatectomy or after 
alloxan Any type of diabetes m rummants is relatively imld, m canuvora, it is 
usually severe Like the toad, the carmvorous birds (owls) do not develop diabetes 
after aUoxan, presumably because the beta cells are resistant to the drug When 
a new speaes is used three variables must be kept m mmd sfieaes difference m re- 
spionse to the lack of msulm, the variable susceptibihty of different animals to alloxan, 
and the variable seventy of the diabetes produced by alloxan m susceptible animals 
The uratic deposits m birds will be discussed imder comphcations 


Table i SroDiEa on alloxan in vabiods species 


8 ?ECni 3 

IX6ZONS 

07 ISLETfl 

HT 7 EX 

OLYCEIOA 

( 01 AB£T£S} 

l>OtAOC 

UiATlC 

DEFOSm 

UnJLEKCCS 

AKD NOTES 




mim/kpn 



Rabbit 


+ 

25-300 


see text 

Rat 

+ 

-t- 

100-200 


see text 

Hamster 

-f- 

+ 

40-200 


(87) 

Dog 

+ 

+ 

50-200 


see text 

Cat 

-h 

-t- 

ISO 


(148, 154) 

Sheep 

+ 

+ 

90 


(60, 109, no) 

Monkey 

-1- 

+ 

300 


(12) 

Man 

+ 

+ 

100-600 


see later secUon 

Frog 

-f- 

0 

50-1000 


(is8) 

Toad 

0 

0 

200 


(21, 96) 

Turtle 

— 

-f 

400 


(69) 

Pigeon 

-h 

+ 

75-200 

+ 

(78, 157) 

Duck 1 

+ 

0 

0 

0 

50-750 

200-300 

0 

0 

(143. 157) 

(157) 

Chicken 

0 

0 

75-400 

+ 

(143. 157) 

Bam owls 

0 

0 

50-200 

+ 

(157) 

Homed owls 

0 

0 

100-250 

0 

(157) 


+ ■= present, o = absent, — = no data. 


Dosage, Toxtciiy and Methods of Adminxstralton Table i surve}^ the range of 
dosage used The susceptibdity to both toxic and diabetogemc doses vanes widely 
not only m different speaes but also among animals of the same speaes In the com- 
mon laboratory animals (rat, rabbit, dog) the picture descnbed by Goldner and 
Gomon (74) has been confirmed They defined the response of the dog to smgle 
mtravenous doses of alloxan as follows 

125-200 mgmAsm Sudden death with convulsions SO” 7 S nigm/kgra Diabetes 

75-100 mgmAgm Diabetic uremic syndrome 25 mgmAgm No observed effect 

Thus for each speaes the lethal, the nephropathic and the diabetogemc doses must 
be considered 

The symptoms and findmgs after toxic doses of alloxan were first descnbed by 
Jacobs (104) and by Dunn et al (57-59) The latter noted early death from hypo- 











Ju/j is>4S 


ALLOXAN DIABETES 


307 


glycemia or from uremia of \'ar3'mg seventy at one- to fi\ e-day mtervals In the 
light of subsequent work the foUowmg events may occur after a smgle mtra^’enous 
dose a) Death may occur m a few hours m convulsions without h3q)oglyceima or 
mtrogen retention and without anatonucal lesions This is unesplamed m the dog 
(33, 74) and has been attnbuted to toxic action on the nervous sj'stem m toads (21, 
96), although no lesions of the nervous ^tem have been reported b) Acute pul- 
monary edema has been seen m dogs (93) and cats (148) The resultant anoxia 
might be a cause of commlsions c) Death may occur at 6-18 hours from hypo- 
glycemia d) Death often occurs m one to five days from uremia with ohguna, 
albummuna, anuna or hematuria, usually associated with diabetes (45, 57, 58, S9) 
74, 82) Table 2 gives the data on the minimum lethal dose The toxiaty is greatest 
after mtravenous and least after subcutaneous administration The comcidental 
agreement between the LDjo (95) and EDto, the minimum effective or diabetogemc 
dose (25), does not alter the practical ease of preparmg diabetic rats The subcu- 


Tabie j Mnnutni lethai, dose (ldj*) of au-Ovan 


jkXniAL 

*OUTE or 
ADimnSTtATlOK 

LDu 

iETEJl 

EKCES 

XOTXS 

Rat 

mtravenous 

mtravenous 

mtrapentoneal 

mtrapentoneal 

subcutaneous 

mtm/ktm 

49 

4 S‘*> 

152 

360-140 

lyjtbl 

(95) 

(25) 

(os) 

( 72 ) 

(116) 

(a) EDk — see text 

5 to 200 grains body 
weight 

(b) 90% diabetogemc, 
see text 

Hamster 

Pigeon 

Rooster 

mtravenous 

mtravenous 

mtravenous 

6j 4 ± p 8<'> 
118 8 ± II 8 

199 8 ± ip 4 


(c) SE. 


taneous dose of 175 mgm per kgm (116) is not a calculated LDso but is mcluded 
because of its usefulness 

The producbon of diabetes without nephritis or other demonstrable mjury is 
dependent on a practical difference between the nephrotoxic and diabetogemc doses 
In rabbits and dogs this difference is such that a fair proportion of animals will have 
uncomphcated diabetes if a suitable dose is used The margm is narxon er m rats, 
for diabetes could not be obtamed without an elevatron of blood non-protem mtrogen 
(16) HowCTCr, as the islet injury is usually permanent and the renal damage is 
usually reversible, an essentially uncomphcated diabetes may be secured A few 
examples should be ated of the iiregulanty with which diabetes is produced “Of 
43 dogs mjected only 7 dev'eloped a high degree of glycosuria mthout serious com- 
phcations” (166) In 30 dogs given 75 mgm per kgm by Houssay el of (93) only 8 
survived more than a week with diabetes, with the dose of 50 mgm per kgm , 20 of 
70 dogs v\ ere permanently diabetic. Data on other doses are giv en (93) In rabbits 
10 out of 13 (54), 12 out of 27 (118), and 53 out of 56 (52) were made diabetic, all on 
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the dose of 200 mgm per kgm intravenously The response of rabbits to vanous 
doses has been described (86) Subsequent knowledge of the influence of diet and 
other factors accounts m part for the variations of different workers (see below) 

Alloxan is given m freshly prepared solutions of i to 5 pier cent concentration in 
water or sahne From what has been said mtravenous administration is the route 
of choice m most a nimals The suboutaneous or mtrapentoneal route is quite satis- 
factory m rats although m rabbits doses up to 700 mgm per kgm mtiapientoneally 
were entirely meffective (i r 8) Diabetes has been produced m rats (r 53) and rabbits 
(iSS) ky the mjection of alloxan mto the alimentary canal and m cats (154) if alloxan 
was rapidly mgested with food by fasted animals However, oral administration is 
usually unsatisfactory 

The repetition of sm a l l doses of alloxan which are meffective smgly may lead to 
diabetes In rabbits, doses of 40 and 50 mgm per kgm, daily for 4 to 13 days have 
produced permanent diabetes (6, 118) Nephritis is largely avoided by this pro- 
cedure More accurate studies m the rat have shown a progressive dimmution in 
glucose tolerance on as httle as 25 mgm per kgm per day mtravenously for 4 weeks 
(161) Dogs likewise respond to repeated small doses (93) Thus, a rmnimal effec 
tive concentration of alloxan causes progressive damage to the islands This expla- 
nation is chosen because the mjury is histologically apparent after small doses ($6) 
and because the rapid disappearance of alloxan from the blood (3, 22, 115, 128) makes 
a cumulative action unlikely 

Diet and Other Condtltons Influencing the Response to Alloxan Martmez (136) 
found that rats were more sensitive to a constant dose of alloxan after a forepenod 
on a high fat diet (90-100 per cent mortahty) and less sensitive after a high carbo- 
hydrate and protem diet (33-40 per cent mortahty) In their paper on the produc- 
tion of alloxan diabetes, Kass and Wasibren (116) studied the influence of fastmg on 
the response to alloxan Withdrawal of all food from adult rats for 48 to 60 hours 
rendered them almost uniformly susceptible to the subsequent administration of 17S 

mgm per kgm subcutaneously Nmety to 95 per cent became diabetic where as only 

25 per cent of animals which had not been fasted responded to a similar dose Older 
and heavier rats required a longer penod of starvation Several authors have ob- 
served that animals which have not respionded to one mjection may be refractory to 
the remjection of a similar dose of alloxan (74, 86, 93, 116, 118) These results have 
been partly explamed by Kass and Wasibren (116) who found that m their animals 
this occurred m the group which had not been fasted After fastmg for 60 hours the 
refractory animals became diabetic on the standard dose The value of these obser- 
vations IS apparent When the mtravenous route is used, the rate of mjection is 
important (93), for the slow mjection of an otherwise effective dose produced no dia- 
betes Rats of both sexes were equally sensitive but wide differences m response were 
associated with variations m body weight (23, 72) In the detailed analysis of Gitter 
and Pneto Diaz (72 and table 2) the toxiaty of alloxan changed m hnear relation to 
the weight of the ammal raised to the o 73 power which suggested a direct relation 
between toxiaty and this metabohc umt They also apphed this formula to an esU- 
maUon of the LDm for each rat Barbiturate anesthesia renders animals more sensi- 
tive to the toxic effects of aUoxan (118, 159), and this may also be true of chloralose 
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(98) If anesthesia is needed at the tune alloxan is given, bght ether anesthesia may- 
be the safest (118) Other agents which enhance or prevent the action of alloxan will 
be discussed m relation to its mechanism of action 

Response of the Blood Sugar to Alloxan Jacobs (104) first descnbed the mitial 
hyper- and hypo-glycemic phases foUowmg mtravenous alloxan m rabbits, and ob- 
served the symptomatic relief of the h3'poglyceniia by the administration of glucose 
Later, the phase of permanent hyperglyrcemia was added to the picture Many 
reports ha-ve established the tn-phasic blood sugar curve associated with a diabeto- 
genic dose of alloxan (s, 39, 54-58, 86, 104) This curve is composed of a nse m 
blood sugar at 2 to 4 hours after the administration of alloxan, a marked hypogly- 
cemia at 6 to 12 hours, and a permanent hyperglycemia at 18 to 24 hours The 
mitial hyperglycemic phase does not occur m every case, whereas the hypoglycenuc 
and diabetic phases are consistent except for mmor variations m timing m different 
aTiimpU Shipley and Beyer (159) observed a slight mitial fall m blood glucose at 
1 5 to 30 nunutes and so refer to the curve as tetra-phasic. The knowledge that hypo- 
glycemia caused early death m many instances led to the prophylactic administration 
of glucose (s, S4, 58) When animals were thus sustamed durmg the penod of hypo- 
glycemia they survived and became permanently diabetic. Additional studies on 
the response of the blood sugar will be discussed under the mechanism of action of 
aUozan 

Duralwn and Constancy of the Diabetes Alloxan diabetes may be permanent 
This statement is true if one recognizes the experimental conditions to which it is 
apphed and the exceptions that may be encountered. Diabetes has persisted for 5 
to ir months m rabbits (6, 52, 54, rr8), 2 to 8 months m rats (28, 41, 58), 8 months 
m dogs (93) and 2 months m sheep (60, 109) As a rule the degree or seventy of the 
diabetes remains constant but certam changes m its mtensity have been seen Thus, 
when less than the optimal dose was used, Houssay et al (93) observed 3 dogs m which 
transitory diabetes lasted 5, 5 and 8 days A similar example of spontaneous re- 
covery m a dog after a few days of hyperglycemia had been previously reported (33) 
Shght but defimte improvement m diabetes has followed the dietary treatment of 
diabetes m rats (28) Kass and Wasibren (116) state that 4 of 6 rats from the group 
which had not been starved before the mjection of alloxan had normal blood sugars 
when tested three months after they had been shown to be hyperglycemic. Janes 
(ro4a) found that rats which had severe diabetes remamed diabetic but that rats with 
mild imbal diabetes tended to improve. When partial pancreatectomy is performed 
in young rats diabetes develops about three months later, 1 e., after they have grown, 
and a similar mcrease m the manifestations of diabetes might well occur after alloxan 
under appropriate circumstances Although this mcrease of sei^nty with growth 
was not mentioned m the report on the dwarfing of yoimg rats by diabetes (36), it 
has been suggested that diabetes may become more severe m the rat (27) A gradual 
mcrease m the seventy of diabetes durmg the first three months has been noted m dogs 
(93) aJid m rabbits (5) In short, although alloxan diabetes may be permanent and 
constant, appropnate measurements of these characteristics must be made as 
required 

Seventy of Diabetes Alloxan diabetes should be regarded as partial pancrea- 
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the dose of 200 mgm per kgm intravenously The response of rabbits to various 
doses has been described (86) Subsequent knowledge of the influence of diet and 
other factors accounts in part for the variations of different workers (see below) 

Alloxan is given in freshly prepared solutions of i to 5 per cent concentrabon in 
water or saline From what has been said mtravenous administrabon is the route 
of choice m most animals The subcutaneous or mtrapentoneal route is qmte satis- 
factory m rats although m rabbits doses up to 700 mgm pier kgm mtrapentoneally 
were entirely meffective (118) Diabetes has been produced m rats (153) and rabbits 
(^SS) ty’ the mjection of alloxan mto the alimentary canal and m cats (154) if aUoian 
was rapidly mgested with food by fasted animals However, oral administrabon is 
usually unsatisfactory 

The repetibon of small doses of alloxan which are meffecbve smgly may lead to 
diabetes In rabbits, doses of 40 and 50 mgm per kgm daily for 4 to 13 days have 
produced permanent diabetes (6, ii8) Nephritis is largely avoided by t^ pro- 
cedure. More accurate studies m the rat have shown a progressive dimmubon in 
glucose tolerance on as httle as 25 mgm per kgm per day mtravenously for 4 weeks 
(161) Dogs likewise respond to repeated small doses (93) Thus, a minimal effec- 
tive concentration of alloxan causes progressive damage to the islands This expla- 
nation IS chosen because the mjury is histologically apparent after small doses (56) 
and because the rapid disappearance of alloxan from the blood (3, 22, 115, 128) makes 
a cumulative acbon unlikely 

Du( and Ollter CondUtons Influencing the Response to Alloxan Martmez (136) 
found that rats were more sensifave to a constant dose of alloxan after a forepenod 
on a high fat diet (90-100 per cent mortahty) and less sensibve after a high carbo- 
hydrate and protem diet (33-40 per cent mortahty) In their paper on the produc- 
tion of alloxan diabetes, Kass and Wasibren (116) studied the influence of fasting on 
the response to alloxan Withdrawal of all food from adult rats for 48 to 60 hours 
rendered them almost uruformly susceptible to the subsequent administrabon of 17S 

mgm per kgm subcutaneously Nmety to 95 per cent became diabebc where as only 

25 per cent of animals which had not been fasted responded to a sirmlar dose Older 
and heavier rats required a longer penod of starvation Several authors have ob- 
served that animals which have not responded to one mjection may be refractory to 
the remjecbon of a similar dose of alloxan (74, 86, 93, 116, 118) These results have 
been partly explamed by Kass and Wasibren (116) who found that m them animals 
this occurred m the group which had not been fasted After fastmg for 60 hours the 
refractory animals became diabebc on the standard dose The value of these obser- 
vations IS apparent When the mtravenous route is used, the rate of mjecbon is 
important (93), for the slow mjecbon of an otherwise effecbve dose produced no dia- 
betes Rats of both sexes were equally sensibve but wide differences m response were 
assoaated with variations m body weight (23, 72) In the detailed analysis of Gitter 
and Pneto Diaz (72 and table 2) the toxiaty of alloxan changed m hnear relation to 
the weight of the animal raised to the o 73 power which suggested a direct relabon 
between toxiaty and this metabohc umt They also apphed this formula to an esb- 
mabon of the LDso for each rat B arbiturate anesthesia renders ammak more sensi- 
tive to the toxic effects of alloxan (118, 159), and this may also be true of chloralose 
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The quantitative excretion of glucose, nitrogen and acetone bodies has received 
httle attention In the dog, Houssay el al (93) giw values which in table 3 have 
been compared with their earher figures for depancreatized dogs One may assume 
that m alloxan diabetes as m pitiutary diabetes occasional animak will be met which 
have ‘total urinary diabetes’, 1 e , they are the equivalent of depancreatized animals 
m terms of these urinary metabohc measurements In the dog the glycosuria and 
mtrogen excretion of pancreatic diabetes and phlonzm glycosuria are of the same 
order Hence phlonzm glycosuria has been used as a basis for comparison m the case 
of the rabbit (118) m which there is httle data on total pancreatectomy If one uses 
an approximate estimate of the ‘available glucose’ of the diet (all the carbohydrate 
plus 50 per cent of the protem), the aUoxan diabetic rats of Janes et al (106) excreted 
about 80 per cent of the available glucose when fed When fasted for one day the 
glycosuna was about o 8 gram per kgm per day, 1 e , they had mild diabetes by com- 
parison with the depancreatized dog The proportion of the available glucose ex- 
creted by fed animals is a useful mdex of seventy m moderately severe diabetes 
Some such cntena are required if the degree of insuhn defiaency is to be even approxi- 


Table 3 Excretion or glucose, nitrogen and acetone bodies during tasting’ 
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mated m alloxan diabetes Ketonuna has been measured m fed dogs m which 
quantities up to 200 mgm per day contrast with 1400 mgm. per day after pancrea- 
tectomy (166) In dogs and cats ketonuna usually appears when 80 per cent or more 
of the available glucose of the diet is excreted m the unne, so that it mdicates rela- 
tively severe diabetes Ketonuna has occurred m rabbits (s, 131) and rats (53, 
58, 80) but its relation to quantitative glycosuna m these speaes is uncertam The 
quantitative ketonuna of rats was mcreased by addmg mcotmic acid to the diet (108) 
The mechanism of this is not understood The descnption of alloxan diabetic rats 
as generally free from excessive ketone bodies but always on the borderhne of ketosis, 
when they are severely diabetic, aptly summanzes the situation (108) Blood ke- 
tones have been elevated m some animals (74, 123) as would be expected from the 
presence of ketonuna 

Liver glycogen has been determmeiL Histologically it is diminished (80) On 
chenucal determmation, seven rabbits exammed 3 hours to 25 days after alloxan had 
an average of 3 46 per cent of hver glycogen, a normal value (86) In diabetic rats 
(not fasted?) the average value of o 83 per cent was obtamed mstead of 3 05 per cent 
m controls (123) In fasted diabetic rats, Weber (169) found hver glycogen higher 
than m the controls and a shghtly higher level of glycogen m alloxan diabetes was 
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tectomy produced by a chemical agent This means that the subsequent diabetes 
may vary from the mildest to the most severe in type There are many criteria for 
appraismg the severity of diabetes, no one of which is entirely satisfactory for all 
situations The glucose tolerance test reveals the earhest abnonnahties in glucose 
metabolism but does not measure seventy m a severely diabetic animal Likewise 
the quantitative excretion of glucose and mtrogen durmg fastmg, which are quite 
normal m mild diabetes, are valuable measurements of severe diabetes Therefore 
the vanous measurements which have been made m alloxan diabetes must be evalu 
ated mth particular reference to the degree of ‘chemical pancreatectom}^ that has 
been achieved. 

Hyperglycemia is an mdex of the presence of diabetes but is madequate as a 
measure of its seventy in the presence of glycosuna In the dog, hyperglycemia has 
been of the degree usually seen m other types of experimental diabetes (e g , 200-350 
mgm per 100 mb) Rabbits and rats tend to have higher blood sugar levels (300-600 
mgm per 100 mb) even when there is no apparent renal lesion and when the diabetes 
IS mild as estimated by glycosuna (118, 127) Renal insuffiaency may be responsible 
for some of the very high levels repiorted m alloxan diabetes Diabetes with marked 
glycosuna and relatively lower blood sugar levels has been seen m sheep (60, no) 
The glucose tolerance test vanes from the shght impairment after small doses of 
alloxan to frankly diabetic curves (54, 65, 93, 97) 

Diabetic animals respond readily to insulm and insulm resistance has not been en 
countered Insulm tolerance or sensitivity tests resemble those seen m depancrea 
tized animals (54, 74, 76, 93, 118) The diabetes may be controlled by the regular 
use of insulm, the dose of insulm varymg with the seventy of diabetes and the species 
used The control of diabetes in rabbits is stated without details (54) and no data 
were found on the mamtamance of diabetic rats, a qieaes relatively resistant to 
insulm In dogs, Houssay el al (93) used i to 3 umts per kgm per day In 3 dogs 
insulm treatment was followed by recovery but this cannot be distmguished from 
the spontaneous recovenes noted above On the other hand 4 dogs treated for 25 
to 45 days did not recover and this has been the expenence of others with well estab- 
hshed alloxan diabetes (166) The insulm requmement was comparable to that of 
pancreatic diabetes but they note (93) that the glycosuna of their animals was m 
general less than occurs after total pancreatectomy Hence their results may not be 
comparable to those of Thorogood and Zunmerman (166) and Candela (29) 
dogs with apparently severe alloxan diabetes the msuhn requirement of fed animals 
was 3 3 to 3 8 units per kgm , calculated from the data of Thorogood and Zimmerman 
(166) After total pancreatectomy i i to i 4 umts per kgm were needed (166) 
Inadentally, the limitation of msuhn requirement as a cntenon of the seventy of 
diabetes is shown m their experiments Thus, a dog with severe glycosuna and 
moderate ketonuna from aUoxan diabetes hved 91 days without msuhn in contrast 
to 4 depancreatized dogs which died m coma 5-7 days after insulm was withdrawn 
Although their insulm requurement was less, the depancreatized dogs had more severe 
diabetes by the cntena of survival, rate of loss of weight and aadosis It would be 
mterestmg to know the insulm requirement durmg fastmg m both types of diabetes 
In any case, alloxan is a new aid m attackmg such problems 
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diabetic depancreatized rats had a high madence of fetal reabsoiption Reabsorp- 
tion of the fetus and its prevention by insulin treatment have been described by others 
(43, 44) In diabetic rats maternal hyperglycemia, fetal hyperglycemia and normal 
fetal blood sugar after dehvery have been found (67) The fetal islands were normal 
despite the demonstration of alloxan m fetal blood Bailey (113) found hyperplasia 
of the fetal islands but more information is needed on this pomt. In spite of poorly 
understood fluctuations m diabetes durmg pregnancy there is no defimte or consistent 
rehef of maternal diabetes of any type by the fetal islands In contrast alloxan 
diabetes m the rat is alleviated by parabiotic umon with a normal rat {160) The 
most mterestmg conclusion of aU of these reports is that there may be differences m 
funcbon between fetal and adult islands of Langerhans 

Lowry and Hegsted (134) showed that rats with alloxan diabetes had no m- 
creased tendency to develop thiamme defiaency, and that their thiamine requirement 
was less than that of normal controls Neuntis has not been reported in alloxan 
diabetes 

The deposition of sodium urate on the serous surfaces m certam buds (table i) is 
apparently a non-diabetic comphcabon which makes it possible that alloxan may be 
useful m the experimental study of gout Blood unc aad reached extremely high 
levels 24 hours after the mjecbon of alloxan, and death occurred m 48 hours when 
this response was severe In buds which survived the initial rise m blood unc aad, 
the normal level was restored m two to three days and at autopsy httle or no uratic 
deposition was found (55) Marked muscular atrophy occurred The r 61 e of dosage 
and the time factor have been discussed m connection with the differences m various 
buds (157) If IS noteworthy that Dalmatian dogs, which are unable to oxidize unc 
aad, respond like other dogs by the development of diabetes and no abnormahties of 
unc aad metabolism have been reported m this breed (77) An maease m blood 
unc aad 48 hours after alloxan and the prevention of this phenomenon by colchicme 
has been reported {42) 

Pathology of the Pancreas Ordmanly there are no gross changes m the pancreas 
although congestion and hemorrhage is occasionally seen The histobgical alter- 
ations have been fully descnbed by the first observers (54-59) and other detailed 
accounts (11, 48) and reviews (51, 77, loi, 113) have confirmed theu results The 
review by Duff (51) is particularly recommended The lesions are similar m the 
rabbit (6, 11, 26, 54, 56, 57, 86, 164), rat (7, 53, 58, 102, 127) and dog (26, 33, 48, 74, 
166) so that a smgle descnption will suffice In other speaes the changes have not 
been as fully reported and the reader is referred to the mdividual accounts (table i) 
The resistance of some speaes to anatomical damage and the difficulty m definmg the 
islet mjiuy m others have already been noted. 

Shght dimmution of the granules m the nuclei and cytoplasm of the beta cells is 
detectable as early as 5 mmutes after the rejection of a diabetogemc dose of alloxan 
(11, 102) At 10 to 15 mmutes this is defimte and seems to affect first the beta cells 
at the centers of the larger islands By one hour shrinkage of the mjured cells is 
apparent and by two hours defimte pyknosis of the nuclei is evident (ii, 26, 53, 56) 
Nuclear pyknosis progresses and by three hours there may be some separation of the 
cells with homogeneous, eosmophihc cytoplasm Thereafter there may be either 
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noted by Houssay el d (97) Janes et d (106) give an average of o 88 per cent for 
diabetic rats in agreement with Weber (169) In diabetic aadosis the average hver 
glycogen was o 06 per cent (114) In diabetic rats, muscle glycogen falls shghtly 
(97) ^23) 169) cardiac glycogen mcreases stnkmgly m agreement with the results 
m other types of diabetes (123) The levels of hver and muscle glycogen were in- 
creased by the ingestion of glucose but the increment was much smaller m diabetic 
than m normal rats (97) The variation m the hver glycogen of the normal rat with 
different periods of fastmg must be taken mto account m readmg these papers The 
behavior of muscle and hver glycogen follows the pattern that would be eiqiected m 
partial insulin deficiency of varymg degree 

Complications Death m aadosis and coma has been observed (6, 114) This 
occurs m a few days when large doses of alloxan cause the combination of severe 
diabetes and renal msuffiaency The carbon dioxide combimng power of the blood 
was shghtly decreased when dogs became drowsy although the NPN remamed normal 
(74) In acute aadosis rats were semiconsaous or comatose with hyperventilation, 
severe glycosuria and ketonuna (114) In this condition the changes m the blood 
and hver phosphate fractions resembled those recently described m diabetesmelhtus 
The most strikmg comphcation of alloxan diabetes m rats and rabbits has been 
the development of cataract (6, ii, 36, 54, 131, 156, 160) This occurs as early as 
the sixth week m rats and at ei^t weeks m rabbits (131) The madence of cataract 
IS greater and the appearance tune shorter when diabetes is severe, facts which explain 
the irregulanty of this comphcation in different laboratones Insulin treatment 
seemed to delay the development of cataract (ii) Diabetic cataract resembles 
galactose cataract (144), cataract after partial pancreatectomy (40, 64) and the usual 
cataract m man (11) It is distmct from that produced by certam dietary defiaen- 
aes In addition to cataract one group of mvestigators (131, 156) has reported the 
occurrence of retinal lesions, consistmg of capillary hemorrhages seen by ophthal- 
moscopic and histologic exammation Exudates were not observed Of then 21 
diabetic rabbits 18 showed progressive hemorrhages The retmal lesions were not 
related to the seventy of diabetes and appeared as early as one month but usually 
three to four months after aUoxan No effect of msuhn treatment is claimed These 
mvestigators (131, 156) state that the plasma proteins were altered m all cases 
Plasma albumm was decreased and beta globuhn mcreased m severe diabetes and in 
all rabbits with hemorrhages When plasma proteins were depleted by plasma- 
pheresis before the production of diabetes retmal changes developed more rapidly 
Immature rats with alloxan diabetes were stnkmgly dwarfed, some remamed 
sexually mfantile and the mtestmal tract was enlarged m proportion to body weight 
(36) The effect of alloxan diabetes on pregnancy and on the fetus has been observed 

m the dog (93, 142), rabbit (142) and rat (43, 44, 67, 142) In the 4 dogs reported there 

was one abnormal pregnancy, m another (93) the fetuses had normal blood sugars and 
the islands were normal 48 hours after bi^ In rabbits there were many abortions, 
premature delivenes and stiUbuths, only about half of the pregnanaes gomg to term 
There was no mcreased birth weight of the young rabbits All of the pregnanaes m 
diabetic rats were full term and the fetuses were of normal weight In this connec- 
tion MiUer (142) ates unpublished work of Long who observed that more severely 
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alpha -cells may increase in number (ii, 53, 80) The dismtegration of the Golgi 
apparatus m the beta cells has been descnbed (42) The tuning of the histological 
changes m the first 24 hours may be related to the alterations m the blood sugar 
(ii, 56) Pathologists agree that the mjury from alloxan takes place withm a few 
minutes of its mjection and that the subsequent events are the consequence of this 
uutial mjury Although there was “no alteration m the character of the lesion which 
could be correlated with the fall in blood sugar” (ii), the changes which began unme- 
diately after the rejection of alloxan had progressed to the complete dismtegration 
of many cells by 6 hours, 1 e , at the onset of the hypoglycemia phase 

The acinar tissue is commonly descnbed as normal Duff and Starr (53) 
observed numerous mitoses re the acinar cells at about 17 hours, but not thereafter 
In the small mtralobular ducts the hydropic change noted by Goldner and Gomon 
(74) has been confirmed (47, 52, 58, 93) Small foa of fat necrosis with the usual 
inflammatory reaction were found m 23 per cent of dogs by one group (47, 48, 93) 
who suggest that this was the result of more advanced injury of the small ducts with 
leakage of the external secretion Grossman and Ivy (85) found a diminished thresh- 
old response to secretin 18 to 30 days after alloxan The amylase activity of the 
secretion was nonnal They suggested that this was due to the mjury of the ducts 
which they confirmed and that therefore duct cells as well as acrear cells might 
partiapate re the formation of pancreatic juice 

Kidneys The remarkable toxicity of alloxan for the beta cells of the islands 
of Langerhans is accompamed by damage of the renal tubules which may be due to 
the sensitivity of this tissue to the drug or to the mcreased concentration of the drug 
during excretion Occasionally gross pallor of the cortex has been mentioned The 
glomeruh are normal The convoluted tubules are often the site of vacuolation or 
hydropic change, necrosis and desquamation of varying degree (7, ii, 26, 48, 53, 57, 
58,74,93,127,154) Albummuna and occasional casts may be present The lesions 
have been compared to those of mercurial poisoning (93) Renal lesions are most 
conspicuous m the first four days after the administration of alloxan Thereafter 
they tend to disappear (ii, 80, 93, 127, 154) so that re late diabetes the kidney is 
usually normal This corresponds to the changes re the nonprotere mtrogen of the 
blood which rises after the rejection of alloxan and returns to normal m a few days if 
the animals survive (16, 127) Infiltration of leucocytes about the affected tubules 
IS seldom seen (127) The relation of dosage to renal injury has been studied m the 
(74, 93) and rat (16, 127) As an example, Lazarow and Palay (127) found that 
after 40 mgm per kgm intravenously, 16 of 18 rats had no kidney mjury whereas 
half of the animals given 200 mgm per kgm mtrapentoneally showed moderate to 
severe changes In diabetes of some duration glycogen deposibon m the loops of 
Henle has been found (41, 80, 93) Curtis e/o/ (41) found that this occurred only if 
the terminal blood sugar was 350 mgm per 100 ml or higher Glycogen deposition 
in the kidneys is a manifestation of diabetes and not of alloxan itself Intercapillary 
glomerulosclerosis has not been reported In summary, an acute necrosis of the renal 
tubules may follow appropnate doses of alloxan If death from uremia does not 
occur these lesions are reversible, a fact m which the kidnej'S differ from the islands 
of Langerhans 

Lner Although many wTiters report little or no abnonnahty of the fiver re 
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shnnking or swelling of the cells which coalesce as the necrosis advances Pyknotic 
nuclei may remam for as long as 24 hours or more but evidence of kaiyolysis and 
complete dismtegration and disappearance of cells may be observed from 5 hours 
onward (ii) At 24 hours the centers of the islands are composed of pale stammg 
debns with only shadows of nuclei or cell outlmes recogmzable The tune of final 
disappearance of the granules of the beta cells has ranged from 15 mmutes (102) to 3 
days (80) While these changes are proceedmg m the beta cells, the alpha cells are 
often undamaged although they may show shght degenerative change (56) Descrip- 
tions of necrosis of occasional alpha cells (53, 56, 57, 102) and of the destruction of 
both alpha and beta cells m almost all of the islands (5, 7, ii) mdicate the vanahle 
extent of the damage Sometimes after prolonged diabetes it has been imjxissible to 
find any islet tissue at all (7, 58, 102), but usually a few islands composed largely or 
entirely of alpha cells remam The final picture after diabetes has existed for a few 
weeks or more is that of stnkmg atrophy of the islands Thus, the late stages of 
sdloxan diabetes are mdistmguishable from the final appearance of the pancreas in 
pituitary diabetes m dogs 

The rapid necrosis of the islands after alloxan, like the slower destruction m 
partial pancreatectomy (i) or pitmtary diabetes (13 O, is remarkable for the complete 
absence of cellular inflammatoiy reaction 

There is a wide vanation m the mjmy of the islands produced by any one dose of 
aUoxan In addition, the anatomical response to varied doses has been studied 
After small smgle doses the changes are of the same type but less extensive and severe 
(56) After massive doses necrosis is accelerated, the condition of the islands at 10 
hours bemg comparable to islands at 24 hours after the usual diabetogemc dose (37) 
The response to repeated small doses has also been studied (7, ii, 51, loi) As acute 
changes are thus produced at different tunes the picture is complex, all stages of 
necrosis and atrophy appiearmg together with normal cells which have escaped mjury 
(ii) With daily doses of 25 mgm per kgm or less for two months there were 
abnormahties of the granules of the beta cells The animals did not develop glyco- 
suria but this agrees wnth the alterations m the glucose tolerance test under sunilar 
conditions (161) From the effects produced by small doses of aUoxan, Hughes and 
Hughes (loi) postulated a cycle of maturation m the islands Accordmg to them 
aUoxan m low dosage destroys the oldest beta cells which are normaUy m the centers 
of the largest islands In normal rats the smaUest beta cells were m the largest 
islands, after repeated doses of aUoxan, the largest cells were m the largest islands 
In the aUoxan-resistant stram of hooded rats (51) repeated subdiabetogemc doses 
produced transitory diabetes with minimal lesions m the larger islands Thereafter, 
the ammals were resistant to the contmued administration of aUoxan 

AUoxan has not produced hyahnization or fibrosis of the islands, the lesions most 
commonly seen m human diabetes Hydropic degeneration of the beta cells has been 
noted occasionaUy (6, ii, 48, 52, 54, 118) This is seen rarely m man and commonly 
m other types of experimental diabetes Hydropic change has not occurred m rats, 
but m dogs (48) and rabbits (ii, 52) it has been found after diabetes had been present 
for several weeks This has been attributed to the effect of hyperglycemia on beta 
cells that had escaped destruction by aUoxan (118) Mitotic figures have been oiJy 
rarely observed m the surviving ceUs (7, 56, 58, 80) but it has been suggested that e 
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alpha tells may increase m number (ri, 53, 80) The dismtegration of the Golgi 
apparatus m the beta cells has been descnbed (42) The timing of the histological 
changes in the first 24 hours may be related to the alterations m the blood sugar 
(ii, 56) Pathologists agree that the mjury from alloxan takes place within a few 
minutes of its mjection and that the subsequent events are the consequence of this 
imhal mjur)’- Although there was “no alteration m the character of the lesion which 
could be correlated with the fall m blood sugar” (ii), the changes which began unme- 
diately after the mjection of aUoxan had progressed to the complete dismtegration 
of many cells by 6 hours, 1 e , at the onset of the hypoglycemia phase 

The acmar tissue is commonly described as normal Duff and Starr (53) 
observed numerous mitoses m the acmar cells at about 17 hours, but not thereafter 
In the small mtralobular ducts the hydropic change noted by Goldner and Gomon 
(74) has been confirmed (47, 52, 58, 93) Small foa of fat necrosis with the usual 
inflammatory reaction were found m 23 per cent of dogs by one group (47, 48, 93) 
who suggest that this n as the result of more advanced mjury of the small ducts with 
leakage of the external secretion Grossman and Ivy (85) found a diminished thresh- 
old response to secretm 18 to 30 days after alloxan The amylase activity of the 
secretion was normal They suggested that this was due to the mjury of the ducts 
which they confirmed and that therefore duct cells as well as acmar cells might 
partiapate m the formation of pancreatic jmce 

Kidneys The remarkable toxiaty of alloxan for the beta cells of the islands 
of Langerhans is accompamed by damage of the renal tubules which may be due to 
the sensitivity of this tissue to the drug or to the mcreased concentration of the drug 
durmg excretion Occasionally gross pallor of the cortex has been mentioned The 
glomeruh are normal The convoluted tubules are often the site of vacuolation or 
hydropic change, necrosis and desquamation of varymg degree (7, ii, 26, 48, 53, 57, 
58, 74, 93, 127, 154) Albummuna and occasional casts may be present The lesions 

have been compared to those of mercurial poisonmg (93) Renal lesions are most 
conspicuous m the first four days after the admirustration of alloxan Thereafter 
they tend to disappiear (ir, 80, 93, 127, 154) so that m late diabetes the kidney is 
usually normal This corresponds to the changes m the nonprotem mtrogen of the 
blood which rises after the mjection of aUoxan and returns to normal m a few days if 
the animals survive {16, 127) Infiltration of leucocjdes about the affected tubules 
IS seldom seen (127) The relation of dosage to renal mjury has been studied m the 
(74i 93) and rat (16, 127) As an example, Lazarow and Palay (127) found that 
after 40 mgm per kgm mtravenously, 16 of 18 rats had no kidney mjury whereas 
half of the ammals given 200 mgm per kgm mtrapentoneally showed moderate to 
severe changes In diabetes of some duration glycogen deposition m the loops of 
Henle has been found (41, 80, 93) Curtis el al (41) found that this occurred only if 
the termmal blood sugar was 350 mgm. per 100 ml or higher Glycogen deposition 
m the kidneys is a manifestation of diabetes and not of alloxan itself Intercapillary 
glomerulosclerosis has not been reported In summary, an acute necrosis of the renal 
tubules may follow appropnate doses of alloxan If death from urerma does not 
occur these lesions are re\ ersible, a fact m w hich the kidnej's differ from the islands 
of Langerhans 

Lner Although many wnters report little or no abnormahty of the fiver m 
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alloxan diabetes (7, 1 1, 53, 80, 86), definite lesions have been observed by others In 
an attempt to differentiate lesions caused by alloxan from those due to the ensuing 
diabetes, particular attention will be paid to the time after alloxan when the lesions 
were found Thus, Goldner and Gomon (74) saw no hepatic lesions m dogs dying 
acutely from large doses of alloxan Fatty infil tration, shght necrosis and mcreased 
phosphatase (by stam) were present m dogs diabetic for two weeks In contrast, in 
dogs given large doses, Houssay tl al (93) described marked jaundice, positive 
cephahn-cholesterol flocculation tests and other signs of severe hepatic damage. 
They distmguish this from jaundice occurrmg late m 2 a nimals which they regarded as 
secondary to severe diabetic changes They frequently found fatty infiltration and 
central lobular necrosis at three days or longer after alloxan As fatty hvers can 
develop m 48 hours m depancreatized dogs, the primary r61e of alloxan is not clear m 
these a nimal s but the emphasis on necrosis may mdicate an effect of the drug In 
cats (154) the occurrence of small and large areas of hepatic necrosis and fatty degen- 
eration, beginning at the third day, was not related to the seventy or duration of 
diabetes Focal necrosis has been seen with varymg frequency m rats (80, 127, 146) 
The typical lesion is a small focus of necrosis usually located m the midzonal or 
penpheral region of the lobule It is 45 to 200 micra m diameter, uniformly dis- 
tnbuted and inflammatory reaction is shght or absent (127) After mtrapentoneal 
alloxan, subcapsular lesions instead of diffuse foa were noted The madence and 
seventy of hepatic mvolvement could not be related to the dosage of alloxan or to the 
occurrence of renal lesions Some of the highest mtravenous doses did not produce 
hepatic necrosis whereas some of the lower doses were accompamed by severe damage 
Occasionally shght hver damage was encountered after nondiabetogemc doses (127) 
When cysteme was given mtravenously with alloxan to protect the islets, the ma- 
dence of hepatic necrosis mcreased from 22 to 85 per cent As cysteme alone was 
harmless this was attnbuted to the conversion of cysteme to cystme which is known 
to cause hepatic necrosis Herbut et al (89) descnbe portal cirrhosis with iron 
deposition suggestive of hemochromatosis after alloxan m rabbits 

OiJter Organs The adrenal glands mcrease m weight in alloxan (17) as in 
pancreatic (63) diabetes The adrenal glands are usually descnbed as normal or as 
havmg mmor changes not regarded as significant (7, ii, 53, 57, 5^, 74, 93) 
gesbon and hemorrhage have been seen (59) Hard and Carr (86) found necrosis of 
the medulla m ammals given acutely toxic doses of alloxan Lesions were shght or 
absent m diabetic animals exammed one to three weeks after alloxan Focal necrosis 
of the adrenal cortex, espeaally of the fascicular zone, has occurred with vaiymg 
frequency (54, 117, 154, 164) In one report (117) cellular i nflamm atory reaction 
was noted One gams the impression that mjury of the adrenal gland, particularly 
of the cortex, may occur but that it is an unim portant factor in the routme use of 
qnimnk with alloxan diabetes The thyroid is atrophic (i 7) as m pancreatic diabetes 
(63), and the Golgi apparatus is reduced m size (2), changes which are attnbuted to 
the diabetes rather than to a direct effect of alloxan The thyroid, parathyroid an 
pitmtaiy glands are usually descnbed as normal (ii, 53, 57, S8) With large 
degenerative changes m the basophils of the pitmtary have been seen (iS4, 164) ana 
the mtestmal absorption of glucose is greater than normal (147) Artenosderosis 
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has been sought but not found even in rabbits which are known to be sensitive to 
artenal injury (ii, 51) The hypercholesterolemia of rabbits after alloxan is transi- 
tory unless the diabetes is severe (117) Three rabbits showed only a shght elevation 
at 50 to 60 days after alloxan so that the sustamed diabetic hypercholesterolemia 
differs m degree from the extreme toIub produced by the forced feeding of cholesterol 

Alloxan in Man Alloxan was first given to man by Bninschwig et al (27) for 
the purpose of rehevmg h}Txiglycemia due to island ceU carcmoma They also gave 
It to 4 patients with severe mahgnant disease of other types In the 4 persons with 
normal blood sugar there was a neghgible hyperglycemic phase and no evidence of 
diabetes The doses ranged from 50 to 500 mgm per kgm , mcreasmg amounts 
bemg given over penods up to six days Because of this it is frequently asserted that 
man is resistant to aUoxan This may be so if one discounts the slower adminis- 
tration of the drug m 500 ml of sahne In one patient they mention that the m- 
jection was completed m an hour and as Houssay el al (93) pomt out slowmg the 
injection of an otherwise effective dose to 10 minutes abolishes its diabetogemc action 
One patient who received 600 mgm per kgm subsequently came to necropsy and 
nunor lesions of the islands were found The kidneys were entirely normal One 
pabent m this group had a chill, nausea and cyanosis for several hours after one of the 
large doses 

Five pabents with hypennsulinism have received alloxan The first (27), who 
was known to have metastabc carcmoma of islet tissue, received several courses of 
alloxan which was given daily for one to four weeks The dose was gradually in- 
creased to a maximum of 39 gm m this ri2-kgm patient (348 mgm per kgm ) 
After each course the pabent had rehef of hypoglycemic symptoms for penods as long 
as three weeks At necropsy, the cells of the metastabc islet tumor showed no mjury, 
the islets of the pancreatic tissue were descnbed as normal and there was no tubular 
necrosis of the kidney Another patient is that of Talbot, reported by Bailey (g, ir3) 
In this g-month-old gul with hypoglycemia, no tumor had been found at laparotomy 
and frequent convulsions contmued to occur Beginmng at 20 mgm per kgm the 
dose was mcreased to 100 mgm per kgm. over a penod of seven days Symptoms 
were reUeved for three weeks and then recurred A second senes of 8 mjecbons of 
100 mgm perkgm was follow ed by freedom from symptoms for the eight months of 
observabon reported Although spontaneous remissions of hypo^ycemia may occur 
this IS a stnkmg result A third pabent with hypoglycemia is bnefly reported by 
Conn, Hinerman and Buxton (38) She was given 50 mgm. per kgm on each of the 
first two days and 100 mgm per kgm daily for the next seven daj^, with temjwraiy 
rehef How ever, after symptoms recurred an islet tumor was removed rmd normal 
pancreas was also secured for study HistologicaUj' there was no effect of aUoxan on 
the neoplastic islet cells, but marked destruction of the islet cell of the pancreas itself 
was observed The patient was diabebc after the tumor was removed (37a) 
Finally, Wilder (ijia) has mentioned a patient mth hypoglycemia complicated by 
infection who died after alloxan with extensive fatty degeneration of the liver, and 
Flinn et al (62) gave it to a pabent with islet cell carcmoma 

Most of the mjecbons of alloxan m man have caused no untoward effects 
However, m addibon to the reaction noted abo^’e, one of the hjqwglj cemic pabents 
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alloxan diabetes (7, ii, 53, 80, 86), definite lesions have been observed by others In 
an attempt to differentiate lesions caused by alloxan from those due to the ensuing 
diabetes, particular attention will be paid to the time after alloxan when the lesions 
were found Thus, Goldner and Gomon (74) saw no hepatic lesions m dogs dying 
acutely from large doses of alloxan Fatty infiltration, shght necrosis and mcreased 
phosphatase (by stam) were present m dogs diabetic for two weeks In contrast, in 
dogs given large doses, Houssay el al (93) described marked jaundice, positive 
cephahn-cholesterol flocculation tests and other signs of severe hepatic damage 
They distmguish this from jaundice occumng late m 2 animals which they regarded as 
secondary to severe diabetic changes They frequently found fatty infiltration and 
central lobular necrosis at three days or longer after aUoxan As fatty hvers can 
develop m 48 hours m depancreatized dogs, the pnmaiy r 61 e of alloxan is not clear in 
these arumals but the emphasis on necrosis may mdicate an effect of the drug In 
cats (154) the occurrence of small and large areas of hepatic necrosis and fatty degen 
eration, begmnmg at the third day, was not related to the seventy or duration of 
diabetes Focal necrosis has been seen with varymg frequency m rats (80, 127, r46) 
The typical lesion is a small focus of necrosis usually located m the nudzonal or 
penpheral region of the lobule It is 45 to 200 imcra m diameter, uniformly dis- 
tnbuted and inflammatory reaction is shght or absent (127) After mtrapentoneal 
alloxan, subcapsular lesions instead of diffuse foa were noted The mmdence and 
seventy of hepatic mvolvement could not be related to the dosage of alloxan or to the 
occurrence of renal lesions Some of the hipest mtravenous doses did not produce 
hepatic necrosis whereas some of the lower doses were accompamed by severe damage 
Occasionally shght hver damage was encountered after nondiabetogenic doses (127) 
When cysteme was given mtravenously with aUoxan to protect the islets, the ina- 
dence of hepatic necrosis mcreased from 22 to 85 per cent As cysteme alone was 
harmless this was attnbuted to the conversion of cysteme to cystme which is known 
to cause hepatic necrosis Herbut el al (89) descnbe portal cirrhosis with iron 
deposition suggestive of hemochromatosis after alloxan m rabbits 

Other Organs The adrenal glands mcrease m weight in alloxan (17) as m 
pancreatic (63) diabetes The adrenal glands are usually described as normal or as 
havmg mmor changes not regarded as significant (7, rr, 53, 57, 58, 74, 93) Con- 
gestion and hemorrhage have been seen (59) Hard and Carr (86) found necrosis of 
the medulla in anima ls given acutely toxic doses of alloxan Lesions were slight or 
absent m diabetic arumals exammed one to three weeks after alloxan Focal necrosis 
of the adrenal cortex, espeaally of the fasacular zone, has occurred with varying 
frequency (54, 117, 154, 164) In one report (117) cellular inflammatory reaction 
was noted One gams the impression that mjury of the adrenal gland, particularly 
of the cortex, may occur but that it is an unimportant factor in the routme use 0 
npimnk with alloxan diabetes The thjrroid is atrophic (1 7) as m pancreatic diabetes 
(63), and the Golgi apparatus is reduced m size (2), changes which are attributed to 
the diabetes rather than to a direct effect of alloxan The thyroid, parathyroid an 
pitmtary glands are usually descnbed as normal (rr, 53, 57, S^) With large 
degenerative changes m the basophils of the pituitary have been seen (iS 4 i ^^ 4 ) 
the mtestmal absorption of glucose is greater than normal (147) Arteriosclerosis 
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has been sought but not found even in rabbits which are known to be sensitive to 
artenal injury (ii, 51) The hypercholesterolenua of rabbits after allovan is transi- 
tory unless the diabetes is severe (i 1 7) Three rabbits showed only a shght elevation 
at 50 to 60 days after allovan so that the sustained diabetic hypercholesterolemia 
differs in degree from the extreme ii'alue produced by the forced feedmg of cholesterol 

Alloxan tn Man Alloxan was first given to man by Brunschwig e/ a/ (27) for 
the purpose of rehevmg hypoglycerma due to island cell carcmoma They also gave 
it to 4 patients with severe mahgnant disease of other types In the 4 persons with 
normal blood sugar there was a neghgible hyperglycemic phase and no evidence of 
diabetes The doses ranged from 50 to 5°° mgm per kgm , mcreasmg amounts 
bemg given over penods up to six days Because of this it is frequently asserted that 
man is resistant to alloxan This may be so if one discounts the slower adminis- 
trahon of the drug m 500 ml of sahne In one patient they mention that the m- 
jection was completed m an hour and as Houssay el al (93) pomt out slowmg the 
mjection of an otherwise effectix^ dose to 10 rmnutes abolishes its diabetogemc action 
One patient who received 600 mgm p>er kgm subsequently came to necropsy and 
rmnor lesions of the islands were found The kidneys were entirely normal One 
patient m this group had a chill, nausea and cyanosis for several hours after one of the 
large doses 

Five patients with hj'pfi nnqilinism haie received alloxan The first (27), who 
was known to have metastatic carcmoma of islet tissue, received several courses of 
alloxan which was given daily for one to four weeks The dose was gradually m- 
creased to a maximum of 39 gm m this 112-kgm pabent (348 mgm per kgm ) 
After each course the pabent had rehef of hypoglycemic symptoms for penods as long 
as three weeks At necropsy, the ceUs of the metastatic islet tumor showed no mjury, 
the islets of the pancreabc tissue were descnbed as normal and there was no tubular 
necrosis of the kidney Another pabent is that of Talbot, reported by Bailey (9,113) 
In this 9-month-old girl mth hj’poglycemia, no tumor had been found at laparotomy 
and frequent convubions contmued to occur Beginnmg at 20 mgm. per kgm the 
dose was mcreased to 100 mgm per kgm. over a penod of seven days Symptoms 
were rebelled for three weeks and then recurred A second senes of 8 mjecbons of 
loo mgm per kgm was followed by freedom from symptoms for the eight months of 
obseri’abon reported Although spontaneous remissions of hjqioglycemia may occur 
this IS a striking result A third pabent with hypwglycemia is bnefly reported by 
Coim, Hmerman and Buxton (38) She n as given 50 mgm per kgm on each of the 
fiist two days and 100 mgm per kgm daily for the next seven days, with temporary 
rehef Hon ever, after symptoms recurred an islet tumor was removed and normal 
pancreas was also secured for studj' Histologically there was no effect of alloxan on 
the neoplasbc islet ceUs, but marked destruction of the islet cell of the pancreas itself 
was observed The pabent was diabebc after the tumor was removed (37a) 
Finally, Wilder (171a) has mentioned a pabent with hj'poglycemia comphcated by 
infection who died after alloxan n ith extensive fatty degeneration of the liver, and 
Fhnn el al (62) gave it to a pabent with islet cell carcmoma 

Most of the mjections of alloxan m man have caused no untoward effects 
However, m addibon to the reacbon noted above, one of the hypoglj cemic pabents 
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C27) had five severe reactions on scattered occasions The symptoms consisted of 
chill, nausea and vomiting sometimes followed by fever On several occasions there 
was jaundice and severe anemia, the erythrocyte count falling as low as i 7 milhon 
per cmm Whether icterus was due to the hemolysis caused by alloxan or to direct 
mjury of the hver is uncertain Transfusions were used to aid the recovery of this 
anemia A few casts, erythrocytes and a trace of albumin in the unne were transitory 
findings after a few mjections 

Thus, two instances (27, 38) of the resistance of tumor cells and the susceptibihty 
of nonpal human islets to alloxan are on record and another case of uncertam path 
ology may have been benefited The reviewer agrees with Conn (37a) that “in 
suffiaent observations have been made to warrant the repeatedly expressed opinion 
that human islet tissue is exceedmgly resistant to the degenerative effects of alloxan” 

MECHANISM OF ACTION OF AliOXAN 

The (xinclusion that alloxan chabetes is pancreatic diabetes of varymg degree 
seems so apparent from the cnrrelation of both pathological and physiological data 
that this concept of alloxan dtabeles wdl be accepted without further discussion On 
the other hand, the fundamental action of alloxan on the islet cells is unknown and a 
summary of the mvestigations on this subject will be made In the hvmg animal 
alloxan necrosis of the beta cells results from the immediate action of an evanescent 
substance The immediate action of alloxan means that it acts dunng the first five 
mmutes or so after its rapid mtravenous mjection This is supported by the findings 
that the earhest lesions appear m five mmutes (ii, 102), and that after this time 
alloxan is no longer demonstrable m the blood (3, 22, 115, 128) Goldner and Gomon 
(81) demonstrated this immediate action by clampmg the circulation to the tail of the 
pancreas for five mmutes dunng and after the administration of alloxan In the 
clamped portion of the pancreas the islands were normal, whereas m the remamder 
of the organ the usual island necrosis occurred FmaUy the chemical agents which 
protect the islands from alloxan (see below) must be given withm a few mmutes of the 
alloxan to be effective After reviewmg the chermcal properties of alloxan, Archibald 
(3) came to the conclusion that there are at least three types of reaction which 
neutralize alloxan m blood o) conversion to alloxamc aad by alLah, b) conversion to 
aUoxantm and dialunc aad by the thiol groups m plasma and c) combmation with 
urea 

Present evidence mdicates that the action of alloxan on the islands is exerted 
directly It is generally agreed that the pathological changes are the consequences 
of an immediate toxic mjury of the beta cells In addition, the mediation of certam 
other agents has been excluded The mitial hyperglycemic phase has been prevented 
by means of msulm (75, 76), phlonzm (75, 76), adrenalectomy (103, 119), hypo- 
physectomy (10, 103, 1 19) and hepatectomy or evisceration (98, 99) In these expen- 
ments the occurrence of island mjury has been reported often enough to make it clear 
that this mibal penod of hyperglycemia is not essential to the toxic achon of alloxan 
on the islets This deserves mention even though hyperglj'cemia of a few hours 
duration would have no demonstrable effect on the islands, as da}^ or weeks rather 
than hours are required to produce marked histological lesions in dogs or cats after 
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partial pancreatectomy (i), pitmtaiy diabetes (135) or glucose administration (49) 
Moreover, hyperglycemia has not been accompamed by similar island lesions m the 
rat (46, 68), yet the rat is susceptible to alloxan Alloxan necrosis and some degree 
of diabetes have been produced m the absence of the pitmtary (7, 10, 51, 103) or 
adrenal glands (51) so that the organs which are, m varymg degree, mvolved m other 
types of experimental diabetes play no part m the effect of alloxan The sustamed 
diabetes is not produced by inhibition of insulm because msuhn is not mactivated by 
alloxan ui vUro (75, 118) and because animals with alloxan diabetes respond normally 
to msuhn (54, 74, 76, 93, 118) The action of alloxan on other tissues is apparently 
an acute mjury of the parenchymal cells followed by necrosis or recovery dependmg 
on the conditions 

There are responses to alloxan which occur after its disappearance from the blood 
but which are relevant to its action on the islands and on the organism as a whole 
Among these are the mitial hyperglycemic and subsequent hypoglycemic phases of 
the blood sugar dunng the first 18 to 20 hours 

Hyperglycemic Phase As noted above this may be prevented by vanous means 
without mterfenng with the necrosis of the islands On the other hand, the mecha- 
nism by which this hyperglycemia is produced is still debatable Dunn, Sheehan and 
McLetchie (59) suggested that this might be due to excessive mobilization of glucose 
through the adrenosympathetic system This hypothesis has received support from 
subsequent studies In adrenalectomized rabbits (75) and rats (51, 75, 119) and in 
rabbits with the adrenal medullae destroyed (75), the hyperglycemic phase was 
abolished CorkiU el al (39) found that blodung the sympathetic nervous system by 
ergotoxme abolished the hyperglycemia, and Hughes, Ware and Young (102) duph- 
cated both phases of the blood sugar response to alloxan by the combmed adminis- 
tration of epmephnne and msuhn All of these results support the concept that the 
hyperglycemic phase is a non-specific response medmted by the sympathetic system 
However there are other observations which show that the question is not settled 
Houssay el al (98, 99) found hyperglycemia m dogs (98, 99) and toads (96) after 
adrenalectomy The reviewer would conclude from their data (98) that normal dogs 
under chloralose had a small hyperglycemic response to alloxan and that this was 
absent after adrenalectomy or denervation The hyperglycemic phase is less m dogs 
than m rabbits (26) Houssay’s mterpretation is supported by others who have 
found that the hyperglycemic phase was not prevented by ablation of the adrenal 
medullae or sympathectomy (103, 119, 148, 159, 162) When alloxan was mjected 
via the portal vem (98, 99) the hyperglycemia was higher than m the control senes 
so that the pwssibihty of a direct influence of the hver on this phase of the blood sugar 
curve must be kept m mmd The results of Goldner and Gomon (75) have been 
criticized by Ixerson (103) who concluded that the cortex, rather than the medulla, 
IS responsible for the effects of adrenalectomy A final understanding of the hyper- 
glycemic phase must await further study 

Hypoglycemic Phase This has been attnbuted to a) an msuhn-hke action of 
alloxan (104), b) a transitory stimulation of the beta cells (59), c) the release of pre- 
formed pancreatic msuhn (102) and d) an effect of alloxan directly on the hver (99) 
There is now ample evidence that alloxan has no insuhn-hke activity as Jacobs (104) 
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(27) had five severe reactions on scattered occasions The symptoms consisted of 
chill, nausea and vomitmg sometimes followed by fever On several occasions there 
was jaundice and severe anemia, the erythrocyte count falling as low as i 7 million 
per cmm Whether icterus was due to the hemolysis caused by alloxan or to direct 
mjuiy of the hver is uncertam Transfusions were used to aid the recoveiy of this 
anemia A few casts, erythrocytes and a trace of albumm in the urme were transitory 
findings after a few mjections 

Thus, two instances (27, 38) of the resistance of tumor cells and the susceptibihty 
of nonpal human islets to alloxan are on record and another case of uncertam path 
ology may have been benefited The reviewer agrees wth Conn (37a) that “m 
sufficient observations have been made to warrant the repeatedly expressed opinion 
that human islet tissue is exceedmgly resistant to the degenerative effects of alloxan" 

MECHANISM OF ACTION OF ALLOXAN 

The conclusion that alloxan diabetes is pancreatic diabetes of varymg degree 
seems so apparent from the correlation of both pathological and physiological data 
that this concept of alloxan dtabeles will be accepted without further discussion On 
the other hand, the fundamental action of alloxan on the islet cells is unknown and a 
summary of the mvestigations on this subject will be made In the hvmg anunal 
alloxan necrosis of the beta cells results from the immediate action of an evanescent 
substance The immediate action of alloxan means that it acts dunng the first five 
mmutes or so after its rapid mtravenous mjection This is supported by the findmgs 
that the earhest lesions appear m five minutes (ii, 102), and that after this tune 
alloxan is no longer demonstrable in the blood (3, 22, 115, 128) Goldner and Gomon 
(81) demonstrated this immediate action by clampmg the circulation to the tail of the 
pancreas for five minutes dunng and after the administration of alloxan In the 
clamped portion of the pancreas the islands were normal, whereas m the remainder 
of the organ the usual island necrosis occurred Fmally the chemical agents which 
protect the islands from alloxan (see below) must be given within a few minutes of the 
aUoxan to be effective After reviewmg the chemical properties of alloxan, Archibald 
(3) came to the conclusion that there are at least three tjTpes of reaction which 
neutralize alloxan m blood a) conversion to alloxanic aad by alkali, h) conversion to 
aUoxantm and dialunc acid by the thiol groups m plasma and c) combination with 
urea 

Present evidence indicates that the action of alloxan on the islands is exerted 
directly It is generally agreed that the pathological changes are the consequences 
of an immediate toxic mjuiy of the beta cells In addition, the mediation of certam 
other agents has been excluded The initial hyperglycemic phase has been prevented 
by means of msuhn (75, 76), phlonzm (75, 76), adrenalectomy (103, 119), hypo- 
pb>'sectomy (10, 103, 1 19) and hepatectomy or evisceration (98, 99) In these experi- 
ments the occurrence of island injuiy has been reported often enough to make it clear 
that this imtial penod of hyperglycemia is not essential to the toxic action of alloxan 
on the islets This deserves mention even though hyperglycemia of a few hours 
duration would have no demonstrable effect on the islands, as days or weeks rather 
than hours are required to produce marked histological lesions in dogs or cats ter 



July IP4S 


ALLOXAN DIABETES 


321 


of insulin, measured by graftmg the diabetic pancreas in a depancreatized dog, was 
usually greatly reduced (99) 

Houssay et al (96) found that the diabetogemc action of the pituitanes of 
alloxan-treated toads seemed shghtly diminished In rats (94) there was no such 
dimmution and all pitmtary hormones appeared normal except for a reduction m 
gonadotrophic activity They relate this result to the rmnor lesions descnbed by 
Thomas and Emerson (164) m the basophihc cells uhich are thought to elaborate the 
gonadotrophic hormone In established alloxan diabetes, where the mechanism of 
alloxan itself is no longer an issue, hypophysectomy m both rats (10) and rabbits (103) 
leads to a somewhat milder and unstable type of diabetes reminiscent of the results 
seen m the ‘Houssay* dog Adrenalectomized rats are more sensitive to the hypo- 
glycenuc effect of alloxan as would be expected (140) Adrenalectomy caused an 
amehoration of alloxan diabetes m rats (106, 107) and a fall m hver glycogen to 15 
per cent of that m control diabetic animals In both hypophysectomy and adrenalec- 
tomy the declme m food mtake is an impiortant vanable which must be controlled 
(103, 106) Pretreatment with estrogens does not alter the blood sugar curve after 
the mjection of alloxan (103) Established diabetes is not notably influenced by 
estrogemc therapy (103, 105) when the alterations m food mtake are considered 
When food mtake is mamtamed by tube feeding estrogens made the diabetes more 
severe (102a) Estrogens caused some mcrease m glycogen lei-els of diabetic rat 

(97) 

Prottxtfon from Alloxan DtabtUa This has been accomplished by a vanety of 
agents provided the protective substance is given almost simultaneously unth the alloxan 
Bener]ee (14) found that the followmg substances given mmediately before alloxan 
prevented the development of diabetes m rabbits i,2-dimethyl-4-aimno-5 (d-1- 
nbityl-ammo)-benzene, mcotmic aad, pyndme-dicarboxyhc aad and 2-phenyl- 
qumohne-4-carboxyhc aad He noted that these compounds did not prevent the 
mitial h3q)erglycemia although they abolished the hypoglycemia and ultimate 
diabetes He found (14) that the followmg substances did not prevent diabetes 
calaum pantothenate, glycme, benzoic aad, p-ammo-benzoic aad, ascorbic aad and 
pjTidoxme hydrochlonde. The r , 2-dimethyl-4-ammo-s (d- 1 - nbityl-ammo)-benzene 
was the reagent used to react with alloxan to form nboflavm (15) and this was thought 
to be the mechanism of its protection in vivo Nicotmic aad was studied acadentally 
and the other compounds were tried m an effort to explam its action He concluded 
that neither the carboxyl group nor the pyndme rmg was responsible and that the 
entire mcotimc aad molecule was mvolved The first repiorted attempt to prevent 
alloxan diabetes was that of Leech and Bailey (128) who used glutathione This 
followed their observation (128) that about fiw mmutes after the mtravenous mjec- 
tion of alloxan the blood glutathione falls, often to zero, and a fall m blood thioneme 
was also found The fall m glutathione has been confirmed (25) However, glu- 
tathione m doses of 200 mgm. pier kgm. failed to protect rabbits Lazarow (126) 
usmg 2500 mgm per kgm of glutathione and 912 mgm per kgm of cysteme found 
that both prevented diabetes m rats Alanme, glycme, phosphate buffer, ascorbic 
aad and sucomc aad did not protecL If the sulfhj dryl compounds were given three 
mmutes after the alloxan mjection instead of two mmutes before it, there was no pro- 
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assumed, nor has it any effect on the utihzation of glucose (39) The histologic 
changes m the pancreas are not consistent with the concept of a temporary over- 
activity of the beta cells At the time of the hypoglycemia, 6^12 hours after alloxan, 
the beta cells are m a fairly advanced stage or necrosis Inadentally it may be that 
there is an element of stimulation of the islands at a much earher time if one recalls 
the imtial fall m blood sugar at 15 min utes described by Shipley and Beyer (159), and 
the occasional mitoses observed after small doses (56) and discussed by Berthoud (19) 
Most reviewers agree that stimulation of the islands is not the explanation of the 
hypoglycenuc phase 

The most generally accepted hypothesis is that preformed insulin is hberated 
from the damaged islands This is supported by the general course of the histological 
lesions, the knowledge that alloxan does not neutralize msnlm m vtlro (75, irS), and 
the reproduction of the hypoglycemia with a dose of msnlm corresponding to the 
insuhn content of the animal’s pancreas (102) Moreover there has been no fall m 
the blood sugar when alloxan is administered to alloxan-diabetic animals (77, 118) or 
to depancreatized animals (13, 79) and the msnlm content of the pancreas does not 
begm to diminish until the necrosis of the beta cells is well advanced (7-8 hours), this 
diminution of insuhn content comadmg approximately with the development of 
hypoglycemia (151) 

There has been some disagreement with portions of the evidence ated above 
In contrast to Banerjee (13) who used rabbits, Fogha, Onas and Sara (65) usmg rats 
reported the usual hypoglycemia after partial pancreatectomy Although Goldner 
and Gomon (77, 79) found no hypoglycemia m depancreatized dogs, Houssay, Onas 
and Sara (99) observed a fall m blood sugar This was found in dogs depancreatized 
one-half hour before the alloxan was given, but if 24 hours or more elapsed between 
pancreatectomy and the administration of alloxan they found, like others, no effect of 
alloxan on the blood sugar They interpret this to mean that the hver becomes 
insensitive to alloxan Another and most important explanation of these differences 
is made by Best and his assoaates (20) They have repeated the e^jenments with 
alloxan m depancreatized dogs using two preparations of alloxan With the alloxan 
used by Goldner and Gomon (79) they obtamed results m agreement with the Chicago 
investigators, and their results agreed with Houssay’s fpp) when Houssay’s alloxan 
was employed Pendmg further clarification, it seems that the hypoglycenuc phase 
of the blood sugar after the administration of alloxan is due to the hberation of insulin 
from the necrotic island cells to which an effect of alloxan on the hver may be added 


when certam preparations of alloxan are used 

Partially depancreatized rats (145) are more resistant than normal controls to the 
diabetogemc effect of smgle doses of alloxan Partially depancreatized dogs (93) also 
require the full dose However, the depancreatized rats are more susceptible than 
normal rats to repeated low doses of alloxan This mdicates that it is the concen- 
tration of alloxan m the blood, rather than the mass of islet tissue, which determine 
the effect of a smgle dose On the other hand, the gradual mjuiy of islet tissue y 
repeated doses is more readily revealed when the insular reserve is reduced When 
diabetes is established 24 hours or more after an effective dose of alloxan, the msu n 
content of the pancreas falls to a very low level (75, 151) At this stage the secreUon 
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of in.qiiltn, measured by graftmg the diabetic pancreas m a depancreatized dog, was 
usually greatly reduced (99) 

Houssay el al (96) found that the diabetogenic action of the pitmtanes of 
alloxan-treated toads seemed shghtly diminished In rats (94) there was no such 
diminution and all pitmtary hormones appeared normal except for a reduction m 
gonadotrophic activity They relate this result to the minor lesions described by 
Thomas and Emerson (164) m the basophihc cells which are thought to elaborate the 
gonadotrophic hormone In established alloxan diabetes, where the mechani s m of 
alloxan itself is no longer an issue, hypophysectomy m both rats (ro) and rabbits (103) 
leads to a somewhat milder and unstable type of diabetes reminiscent of the results 
seen m the ‘Houssay’ dog Adrenalectomized rats are more sensitive to the hypo- 
glycemic effect of alloxan as would be expected (140) Adrenalectomy caused an 
amehoration of alloxan diabetes m rats (106, 107) and a fall m hver glycogen to 15 
per cent of that m control diabetic animals In both hypophysectomy and adrenalec- 
tomy the dechne m food mtake is an unjxirtant variable which must be controlled 
(103, 106) Pretreatment with estrogens does not alter the blood sugar curve after 
the mjection of alloxan (103) Established diabetes is not notably influenced by 
estrogemc therapy (103, 105) when the alterations m food mtake are considered. 
When food mtake is mamtamed by tube feedmg estrogens made the diabetes more 
severe (102a) Estrogens caused some mcrease m glycogen levels of diabetic rat 

{97) 

Protedion from Alloxan Diabetes This has been accomphshed by a vanety of 
agents provided the prolechve substance w given almost simultaneously with the alloxan 
Benerjee (14) found that the foUowmg substances given mmediately before alloxan 
prevented the development of diabetes m rabbits i,2-dimethyl-4-ammo-s (d-1- 
ribityl-atmno)-benzene, mcotimc aad, p3rndme-dicarboxyhc aad and 2-phenyl- 
qumolme-4-carboxyhc aad He noted that these compounds did not prevent the 
mitial hyperglycemia although they abolished the hypoglycemia and ultimate 
diabetes He found (14) that the followmg substances did not prevent diabetes 
calaum pantothenate, glyane, benzoic aad, ji-ammo-benzoic aad, ascorbic aad and 
pyndoxme hydrochlonde The i , 2-dimethyl-4-ammo-s (d- 1 - nbityl-ammo)-benzene 
was the reagent used to react with alloxan to form nboflavm (15) and this was thought 
to be the mechanism of its protection in mvo Nicotmic aad was studied acadentally 
and the other compounds were tned m an effort to explam its action He concluded 
that neither the carboxyl group nor the pyndme rmg was responsible and that the 
entire mcotimc aad molecule was mvolved The first reported attempt to prevent 
alloxan diabetes was that of Leech and Bailey (128) who used glutathione This 
followed their observation (128) that about five mmutes after the intravenous mjec- 
tion of alloxan the blood glutathione falls, often to zero, and a faU m blood thioneme 
was also found The fall m glutathione has been confirmed (25) However, glu- 
tathione m doses of 200 mgm per kgm. failed to protect rabbits Lazarow (126) 
usmg 2500 mgm. per kgm of glutathione and 912 mgm per kgm of cysteme found 
that both prevented diabetes m rats Alamne, glyane, phosphate buffer, ascorbic 
aad and succrmc aad did not protect. If the sulfhj dryl compounds were given three 
nunutes after the alloxan mjection instead of two mmutes before it, there was no pro- 
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tection In additional studies on the prevention of diabetes by cysteine, a marked 
increase in the incidence of necrosis of the hver occurred after cysteme even though 
the islands were protected (146) Wemglass, Frame and Williams (170) protected 
rabbits from the hypoglycermc and diabetogenic effects of alloxan by immediate pre- 
treatment with 3, 4-diamo toluene, orthophenylenediamme and sodium k sulfite 
They found the foUowmg meffectiye sodium bicarbonate, sodium phosphates (pH 
7 o), sodium pyrophosphate, sodium cyamde, phenylhydrazme, hydroxylamine 
hydrochloride, cysteme hydrochloride, paraphenylenediamene, sodium pyrogallol and 
l}^me hydrochloride Colchicme inhibits the second hyperglycemic phase and 
prevents the mcrease m blood unc acid which occurs about 48 hours m rats given 
alloxan (42) The prophylactic influence of ribonucleotides has been reported (61) 
Ascorbic acid, already referred to as havmg no preventive action, was regarded as 
mcreasmg the diabetogemc action of alloxan (130) This was not observed after 
d-isoascorbic aad British Anti-Lewisite (BAL) gave complete protection m rats 
(37, 126a) 

The prevention of alloxan diabetes by certam physiological procedures has been 
the subject of several studies The r 61 e of diet and the protection of a portion of the 
pancreas by clampmg its circulation for a short time have been noted Walpole and 
Innes (168) hgated the pancreatic ducts and 30 to 60 days later, when there was 
pancreatic sclerosis with persistence of normal islet tissue, mjected alloxan Under 
their conditions alloxan had httle or no pathological effect on the islets and did not 
produce diabetes In constrast, Goldner and Gomon (79) saw no protection agamst 
the degenerative action of alloxan after fibrosis of the pancreas had been produced in 
this manner The discrepancy between these mvestigators is still unexplained except 
for the fact that Goldner and Gomon used dogs instead of rabbits Jimenez-Diaz 
el al (in) descnbed complete protection of dogs from the chabetogemc and nephro- 
toxic effects of alloxan if the arculation to the kidneys was clamped durmg the tune 
necessary for the inactivation of alloxan m the blood They mterpret this as mdi 
catmg some rfile of the kidneys m the diabetogemc effect of alloxan Both the 
clamped and control animab had the imtial hyperglycemic and the hypoglycermc 
response but the clamped ones did not develop diabetes Confirmation of this work 
has not yet appeared Thymectomy increased the susceptibihty of rats to alloxan 
although splenectomy or castration had no such effect (61) Houssay el al (92, 9S, 
100) and Martmez (137, 138, 139) have studied the influence of the thyroid on both 
alloxan and pancreatic diabetes m the rat Thyroidectomized animals were more 
resistant and thyroid-treated animals were more sensitive to intravenous alloxan, LDjo 
bemg 74 and 25 mgm per Lgm , respectively Thiouracil caused even more re- 
sistance to alloxan than thyroidectomy In subtotally depancreatized rats thyroid 
treatment caused an earher appiearance of diabetes but led to the subsequent dis- 
appearance of diabetes, a result attributed to the hyperplasia of the islets due to the 
thyroid treatment They pomt out the differences bePveen the dog and the rat m 
respect to this response of the islands (95) In summary, protection from the dia- 
betogemc action of alloxan has been demonstrated by a) substances which combine 
directly with aUoxan, 1 e , they do so m rtlro and presumably do so on mjecUon m 
animals, b) physiological conditions under which the reactivation of alloxan is faciJi- 
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tated by means not yet understood These espenments tell one httle about the 
fundamental action of alloxan although the results with most of the chemical an- 
tagonists emphasize the rapid and transitory nature of its action 

Adton oj Alloxan Somolognes and Related Compounds Another approach to the 
question of the mechanism hy which alloxan destroys the beta cells is the determi- 
nation of the chemical specifiaty of its effect. This has received considerable atten- 
tion and tables 4 and 5 mdicate the results Table 6 supplements these hstmgs with 
a few structural formulae In table 4 it will be seen that some compounds have been 
found to be diabetogemc with a high degree of uniformity Initial experiments 
g 1 7 S) which were negative may be attributed to techmcal difficulties and it is easy 
to reach the conclusion that under appropriate conditions all of the compounds hsted, 
except barbituric acid and violunc acid, are diabetogemc None is as readily effec- 
tive as alloxan itself In the case of barbitunc and violunc acids it is possible that a 
{lositive result is more significant than the failures to produce island lesions Further 


Table 4. Other compoukds reported as diabetogenic 


fUBSTAKCE 

PIABCTX5 

DlABtrrcS NOT irfO&TEO 

Monomethyl alloxan 

Monoethjl-alloian 

Monopropyl alloxan 

(24. 2S. 7I1 90) 

(25) 

1 (25) 


Alloxantin 

Dimethyl-alloxantin 

Diethyl-alloxan tin 

(r, 24, 25, 83, 88, 91) 

(24, 25) 

{24, 25) 

(7S) 

C 

Dialunc aad 

Monomethyl-dialunc aad 

(8, 24, 25, 83, 1 21) 

(24. 25) 

(75) 

Barbitunc aad 

(n) 

(25. 75. 83, 121) 

Violunc aad 

(71) 

(24, 25, 75, S3, 165) 


study of these substances is needed The long list of compounds without diabeto- 
gemc action (table 5) requires only the comment that this list is neither complete nor 
final That it is not necessarily the last word is illustrated by the report of Stoll 
(163) that mnhydrm was diabetogemc The hypoglycemic effect of sulfamlamide- 
cyclopropylthiazole was not accompamed by diabetes (35) 

The most recent discussion of the data m tables 4 and 5 is that of Brilckmann 
and Wertheimer (25) which is the basis of the foUowmg remarks An mtact pynmi- 
dme nucleus appears essential for diabetogemc activity Some mactive substances 
like (hmethylalloxan stiff produce kidney mjuiy which ma}^ mean that the kidney 
damage is not due to the same mechanism as the island damage These authors 
suggest the foffoa mg possible types of action to account for the direct effect on the 
islet cells 1) There may be selective accumulation of the drug m the heta cells 
Because of the small amount of islet tissue this is possible m spite of their findmg that 
after its injection there is less alloxan m the pancreas than m the hi’er and kidney 
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tection In additional studies on the prevention of diabetes by cysteine, a marked 
increase in the madence of necrosis of the hver occurred after cysteine even though 
the islands were protected (146) Wemglass, Frame and Williams (170) protected 
rabbits from the h3'poglyceinic and diabetogenic effects of aUovan by immediate pre- 
treatment with 3, 4-diamo toluene, orthophenylenediamme and sodium L sulfite 
They found the foUowmg meffectiye sodium bicarbonate, sodium phosphates (pH 
7 o), sodium pyrophosphate, sodium cyanide, phenylhydrazme, hydroxylamine 
hydrochloride, cysteme hydrochloride, paraphenylenediamene, sodium pyrogallol and 
lysme hydrochloride Colchicme inhibits the second hyperglycemic phase and 
prevents the mcrease m blood unc acid which occurs about 48 hours m rats given 
alloxan (42) The prophylactic influence of ribonucleotides has been reported (61) 
Ascorbic acid, already referred to as havmg no preventive action, was regarded as 
mcreasmg the diabetogemc action of alloxan (130) This was not observed after 
d-isoascorbic acid Bntish Anti-Lewisite (BAL) gave complete protection m rats 
(37, 126a) 

The prevention of alloxan diabetes by certam physiological procedures has been 
the subject of several studies The r 61 e of diet and the protection of a portion of the 
pancreas by clampmg its circulation for a short time have been noted Walpole and 
Innes (168) hgated the pancreatic ducts and 30 to 60 days later, when there was 
pancreatic sclerosis with persistence of normal islet tissue, mjected alloxan Under 
their conditions alloxan had httle or no pathological effect on the islets and did not 
produce diabetes In constrast, Goldner &d Gomon (79) saw no protection against 
the degenerative action of alloxan after fibrosis of the pancreas had been produced in 
this manner The discrepancy between these mvestigators is still imexplamed except 
for the fact that Goldner and Gomon used dogs instead of rabbits Jimenez-Diaz 
el al (ill) descnbed complete protection of dogs from the diabetogemc and nephro 
toxic effects of alloxan if the arculation to the kidneys was clamped durmg the time 
necessary for the inactivation of alloxan m the blood They mterpret this as indi- 
catmg some rble of the kidneys m the diabetogemc effect of alloxan Both the 
clamped and control animals had the mitial hyperglycemic and the hypoglycemic 
response but the clampied ones did not develop diabetes Confirmation of this work 
has not yet appeared Thymectomy increased the susceptibihty of rats to alloxan 
although splenectomy or castration had no such effect (61) Houssay el al (92, 9S1 
100) and Martinez (137, 138, 139) have studied the mfluence of the thyroid on both 
alloxan and pancreatic diabetes m the rat Thyroidectomized animals were more 
resistant and thyroid-treated animals were more sensitive to intravenous alloxan, LDjo 
bemg 74 and 25 mgm per kgm , respectively Thiouracil caused even more re- 
sistance to alloxan than thyroidectomy In subtotally depancreatized rats thyroid 
treatment caused an earher appearance of diabetes but led to the subsequent dis- 
appearance of diabetes, a result attributed to the hyperplasia of the islets due to the 
thyroid treatment They pomt out the differences between the dog and the rat m 
respect to this response of the islands (95) In summary, protection from the dia- 
betogemc action of alloxan has been demonstrated by o) substances which combme 
directly with alloxan, 1 e , they do so im vttro and presumably do so on mjection in 
anunals, h) physiological conditions under which the mactivation of aUoxan is facdi- 
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references m this field it is necessary to distinguish between the direct effects of 
alloxan and studies in established alloxan diabetes The latter give no informatioil 
about the primary action of alloxan and are included only for the sake of complete- 
ness 

Reference has already been made to the phj’sical chemistry of the alloxan dialunc 
aad oxidation reduction system (150, 171) and to the reversible reaction unc aad- 
dialunc aad m the perfused hver (4) In appropriate concentrations alloxan in- 


Table 6 CHEincAi STEacrtrBE or aixoxan and eixated compounds 


NH— CO 


NH— CO 

1 t 

1 1 

AUotan CO CO 

1 1 

NH— CO 

Unc aad 

1 ) 

CO C ^NHv 

1 i >0 

NH— C ^NH^ 

Alloxantin 

NH— CO CO— NH 

11 \ 1 

CO COH— HOC CO 

11 / I 

NH— CO CO— NH 

Dimethjl- 

alloiantm 

CHjN— CO OHH CO— NCH, 

1 1/ \1 1 

CO C 0 C CO 

11 11 

HN— CO CO— NH 

Diolunc aad 

NH— CO 

1 1 

CO CHOH 

1 1 

NH— CO 

Allan tom 

NHiCO— NH 

1 \ 

CO CO 

1 / 

NH-CH— NH 


NH— CO 
t t 


NH— CO 

1 i 

Barbitunc aad 

1 1 

CO CH, 

1 1 

Uramil 

1 1 

CO CHNHj 

1 { 


1 1 

NH— CO 


1 1 

NH— CO 


NH— CO 

t i 


NH— CO 

Violunc aad 

1 i 

CO CNOH 

1 1 

Uraal 

I 1 

CO CHj 

1 1 


I i 

NH— CO 


1 1 

NH— CHi 


CHiX— CO 

I t 


CHrN— CO 
i 1 

Mtth}l alloxan 

1 I 

CO CO 

1 1 

1 1 

Dimethyl alloxan CO CO 

1 1 


1 1 

NH— CO 


1 1 

CHiN— CO 


creased the oxygen uptake of hver suspensions and greatly accelerated their oxidation 
of ethyl alcohol (18) Alloxan had no direct effect on hepatic glycogenolysis (31) and 
It inhibited the glycolysis of glycogen to lactate m frog muscle extract and this 
inhibition was reversed by cj-steme (70) This agrees with pre\aous work on the 
inhibition of hexosephosphate formation from glj cogen by alloxan (129) In expen- 
mcnts timed from 6 to 48 hours after alloxan, there n as a dimmution m the alkahne 
phosphatase of the kidnej (141), which was also demonstrated histochemicaUy 
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2) Alloxan may complete with some structurally smular compound for an enzyme 
with resultmg mjury to the cells This is entirely speculative at present 3) A 
specific reaction of alloxan may occur m the islet cells with or without a specific accu- 
mulation Lazarow (i 26) has suggested that the mactivabon of SH groups of protem 
enzymes might account for such an effect In view of the large reserve of glutathione 


Table 5 Coupounds without dzabetooznic action 


COUPOUKD 

S£TnXKC£S 

COMHIUHD 

SETXlQfai 

AUantoin 

(71) 

Oxalunc aad 

(104) 



Formyl-oxalunc aad 
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(24) 
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(^4) 

Parabamc aad 

(71, 165) 

Benzal barbituric aad 

(ids) 

Pipe axme 

(71) 

Benzoyleneurea 

(9°) 

Rhodixomc aad 

(25) 

Benryballoian 

(25) 



Butyl alloxan 

Us) 

Seneaonene 

(87) 

Isobutyl alloxan 

Us) 



Phenyl alloxan 

Us) 

Sulfadiazme 

(87) 

Dunethyl-alloxan 

Us, 9°) 

Tartromc aad 

(24) 

Methyl-ethyl alloxan 

Us) 



Methyl propyl alloxan 

Us) 

Thiouraal 

(64, ids) 

Dimethyl-dialunc aad 

Us) 

Uracil 

(71) 

Isodialunc aad 

(104) 
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Uramil 

(71. 165) 

Formyl urea 

(104) 

N-meth>l-uramil 

Us) 

Guamdm 

(S 7 ) 

Unc aad 

(S 7 , 71. 

Isatm 

(34, 25, 90) 

Other oxidirmg substances 

( 7 S) 



Cenc sulfate 

( 7 S) 

Isobarbitunc aad 

(104) 

Persulfate 

( 7 S) 

N dodecyl barbitunc add 

( 7 S) 

Qumone 

(75) 



Sodium molybdate 

( 7 S) 

Mesoxahc aad 

(104) 



Sodium mesoxalate 

(90) 

Related to styryl qumolme 

(ss) 

Ethyl mesoxalate 

(90) 

1 , 2 naphthoqmnone 4 sul- 




fomc aad 

(25) 

Mesoxalamide 

(90) 

Naphthoquinone 

1,8, mesoxalylnaphthalcne 

( 7 S) 



mesoxalyl 

Us) 

Murexide 

(24) 

Quinoline 

Us) 



Cmcophen 

Us) 

Ninhydnn 

(24, 25, 90) 



Oxahc aad 

(S 7 ) 




m the pancreas after alloxan (25) and the relatively unspecific nature of SH oxidation 
this concept is doubted BnlcLmann and Wertheimer jxiint out that lack of knowl- 
edge of the biochemical processes m the islands of Langerhans is the major bamer to 
any final understanding of the action of aUoxan 

Possible Relation of Alloxan to Enzymaltc Reactions In reviewmg the few 
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references m this field it is necessary to distinguish between the direct effects of 
alloxan and studies in established alloxan diabetes The latter give no informatioil 
about the pnmaiy action of alloxan and are included only for the sake of complete- 
ness 

Reference has already been made to the phj'sical chemistry of the alloxan dialunc 
aad oxidation reduction sj’stem (150, lyr) and to the reversible reaction uncaad- 
dialunc aad m the perfused hver (4) In appropriate concentrations alloxan m- 


Tabue 6 Chemical steoctoee op alloxan anti eelated coMporrsms 
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Mellijl alloxan 

1 1 

CO CO 
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creased the ox3'gen uptake of hver suspensions and greatly accelerated their oxidation 
of ethyl alcohol (18) Alloxan had no direct effect on hepatic gl> cogenolysis (31) and 
It inhibited the gljeolj'sis of glycogen to lactate m frog muscle extract and this 
inhibition nas reiersed by cj'steme (70) This agrees -mth previous vork on the 
inhibition of hexosepbosphate formation from glj cogen by alloxan (129) In expen- 
rnents tuned from 6 to 48 hours after alloxan, there was a dinunution m the alkalme 
phosphatase of the kidnej (141), which was also demonstrated histochemicaUy 
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Serum diastase was temporarily mcreased 6 hours after alloxan but returned to the 
normal level by the time permanent hyperglycenua was established (66) 

Rats with estabhshed alloxan diabetes have been used to study the oxidation of 
various substrates by brain, hver and kidney m vitro (32) There were no differences 
between the normal and diabetic tissues m these studies and m contrast to earher 
work (18) alloxan did not mcrease the oxygen uptake of hver Increased glycogen 
phosphorylysis in muscle (125) and an increase in hver (50, 74) and serum (30, 125) 
phosphatase aU jximt to the sphttmg of phosphate esters at certam stages m alloxan 
diabetes As noted, studies made after the mitial effects of alloxan have disappeared 
are not apparently related to its mode of action For this reason major contributions 
to carbohydrate metabohsm m which alloxan diabetic rats have been used are not 
discussed 


SUMMARY 

AUoxan diabetes is the diabetes produced by the administration of alloxan m 
vanous wa}^ to many speaes of animals It is the result of the immediate action of 
alloxan on the islet cells, espeaally the beta cells, which results in their necrosis with 
subsequent atrophy of the islands The permanent diabetes is therefore a form of 
pancreatic diabetes, 1 e , it is partial pancreatectomy of vaiymg degree which has been 
chemically mduced The acmar tissue is umnjured Alloxan as such disappears 
from blood tn vtlro and in vivo m 10 mmutes or less and has not been found in the 
blood m human diabetes From its pathology and physiology alloxan diabetes is due 
to the destruction of islet tissue but the mechanism by which it mjures the cells is 
unexplamed Alloxan diabetes differs strikmgly from the other types of expen- 
mental diabetes m the course and nature of the lesions which are developied It is a 
valuable aid m the study of diabetes and it may open the way to mcreased knowledge 
of the function of the cells of the islands of Langerhans As yet there is no evidence 
that alloxan is related to human diabetes mellitus 
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RENAL FUNCTION IN EARLY LIFE 

R. A McCANCE 

From (he Deparlmenl of Expenmenid Medtctne 

CAMBRIBGE, ENGLAND 

I T IS NOW GENERALLY RECOGNiTED that the function of an organ may alter as 
development proceeds Physiologists were slow to appreciate this fact, but the 
work of the last 25 years has demonstrated its importance so clearly that several 
books have been wntten on the subject In these Windle (128) and Barcroft (9) 
have dealt mainly with function durmg fetal life while Smith (no) has confined him- 
self largely to the physiology of infancy The time now seems to have come, however, 
to review certam aspects of these new developments m more detail The infant 
kidney has been selected m the first instance because our knowledge of it has reached 
a stage at which a detailed and critical rfisum6 of the established facts has become 
profitable and, m consequence, advisable This article has been wntten, therefore, 
to compile knowledge which has already been acquired, to pomt out the gaps m that 
knowledge and finally to suggest vanous’theones and hnes of work which mi^t 
profitably be pursued The functional abnormahties of the kidney, which give nse 
to the Fancom and other syndromes (113, 114), will not be discussed smce it is felt 
that they are pathological entities and as such reqiure rather different treatment 
Smce the basis of this review will be a comparison of the infant with the adult, some 
reference to adult function will be mevitable, but m general it has been assumed that 
the reader will possess a workmg knowledge of adult renal physiology 

GENERAL CONSIDEEATIONS 

Work of the Kidney and the Inlenid Environment of (he Newborn 

The function of the kidney may be defined m the most general terms as the regu- 
lation of the constancy of the mtemal environment. In utero this regulation is 
largely earned by the placenta but withm a few mmutes of birth the kidney must take 
up the task F rom that time onward it must excrete aU the mtrogenous end-products 
of the body Under the partial direction of the post-pitmtary body and the cortex 
of the suprarenal gland, moreover, the kidney must stabdize the osmotic pressure and 
the chemical composition of the mrculatmg medium For the rest of the animal’s hfe 
the kidney must play a leading part m regulatmg the volume of the extracellular 
flmds This is a matter of great concern to pediatnaans and infant physiologists 
but the mechanism by which it is brought about is stiff very obscure By excretmg 
non-volatile acids, moreover, the kidney from birth will share with the lungs the task 
of maintaimng the pn of the body withm the narrow limits of normahty The 
effiaenc}' with which all these operations are earned out by young animals forms the 
subject matter of this review Any study of their renal function, therefore, should 
begin with an exaimnation of the volume and composition of the mtemal environ- 
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pared Somebmes, however, a more arbitrary standard must be used This is out- 
standmgly so when clearances are to be compared Surface area, body weight and 
kidney weight have all been suggested It makes a large difference which basis or 
standard is empbyed, smce the surface area of an adult is 8 25 times that of an infant 
at birth whereas the kidneys neigh about 13 times and the body 21 5 tunes as much 
These and other possible standards of comparison, such as the basal metabohc re- 
quirements, and the sources of information were discussed by McCance and Young 
(84) and further data about weights of infants and their organs may be found m an 
article by Cnuckshank and IMiller (26) Of these standards, surface area would 
appear to be the best because per umt of surface area clearances of children over the 
age of 2 are of the same magnitude as those of adults (55, 86) Some mvestigators, 
however, have been dissatisfied with this basis of comparison for infants because by 
It clearances m infancy appear to be so low This, however, is one of the important 
discoveries about the renal function of infants and to estabhsh another basis for 
newborn children would only confuse the issue Ail mvestigators, however, should 
state clearly the ‘correction’ factors which they have employed or give the surface 
area of their infant suhiects A much more subtle di&cultybas been encountered by 
those people who have been administering substances to newborn and adult animals 
and coihpanng the effects on renal function If the renal functions are to be com- 
pared on a basis of surface area, should these doses be calculated and equalized on a 
basis of surface area or of body weight? It is suggested that if renal funcbons are 
to be compared, the object of dosage should be to raise or to lower serum levels to the 
same degree at both ages and that the doses should be calculated on those terms In 
practice this means dosmg m terms of body weight or of extracellular flmd volume 

Spectes Diferences 

One of the contnbutions of Homer Smith and his associates to renal physiology 
was the attention which they gave to speaes differences There is every reason to 
beheve that these differences will be exaggerated m very young animals for no two 
species are bom at the same stage of development Investigators should be on the 
look out for these differences and should always state dearly both the age and the 
type of animal used 


’ RENAL EXINCnON BEFORE BmXH 

Until birth the regulation of the mtemal environment can be earned out unaided 
by the placenta because babies, normally developed m almost every way, may be 
bom with functionless urinary tracts The kidney, however, normally begins to 
funebon before birth, if only to a limited extent (52,91) Even as early as the second 
or third month of fetal hfe, tubule cells of man growmg m tissue culture have been 
observed to form small cysts and to secrete dyes mto their lumina (21), and an 
analysis of liquor airmu at different stages of development has mdicated that while 
the osmobc pressure of this fluid gradually falls, the concentrabon of urea and unc 
aad in it steadily nse (44) It is unfortunate that studies of the maternal and fetal 
bloods were not combmed with those of the hquor, but the findmgs suggest that long 
before birth the kidney begms to excrete a unne of low specific gravity containing 
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ment and of the circulating fluid which bathes the renal cells It is not possible in an 
article of this length to do so m any detail, but it is necessary to pioint out various 
ways in which these fluids in infants differ from those in adults a) The serum of 
an infant contains less albumin and globulin that that of a healthy adult (53) 
Hence the colloidal osmotic pressure of the serum will be lower and tbis m turn will 
tend to favor a more rapid glomerular filtration rate and a more rapid outpouring of 
flmd mto the tissue spiaces b) It is generally conceded that the osmotic pressure 
of the cells at all ages is the same as that of the extracellular fluids, 1 e , of the mtemal 
environment, but whereas that of the former is mainly due to K salts, that of the 
latter is due to the Na salts of Cl and HCOj All published analyses have shown that 
newborn animals and fetuses contam more Na and Cl/lgm of body weight than do 
adults of the same sjieaes and smce newborn anima ls have the same concentration of 
Na m their sera as adults (18, 84) this has generally been taken to mdicate that they 
contam more extracellular fluid/kgm of body weight. This has been confirmed by a 
comparison of the volume of the body occupied by thiocyanate and radio-sodium m 
infants and adults It is to be noted that the thiocyanate space was appreciably 
smaller than the sodium space at all ages (39) In other words, per unit of cell mass 

infants have a much larger volume of mternal environment than adults have Pre- 
mature babies may exhibit this peculiarity m an extreme degree for they may be 
frankly edematous at birth or become so shortly afterwards c) A number of authors 
have reported on the aad base balance of the serum of newborn infants Seham 
(108) found plasma bicarbonate within normal limi ts, but Branning (16), Hoag and 
Kiser (54), Lippard and Marples (73), Lucas el al (73), Marples and lappard (76, 77 ) 
and Ylpfib (130, 131) have all reported values which were below those usually found 
m adults, and their work has been mterpreted as meamng that many babies are m a 
state of aadosis for some httle time after birth due to an accumulation of fixed aads 
d) The concentration of morgamc P m the plasma of a baby tends to he between S 
and 8 mgm/ 100 cc. (7, 34, 120) In adults the range for this ion is generally given as 
2 s to 4 5 mgm/ioo cc. e) The serum K was found to average 28 1 mgm/ 100 cc 
by Kotikoff (68) dunng the first month of human life, and 30 6 mgm/ 100 cc by 
McCance and Young (84) m babies under 14 days old An average figure of 21 9 
was obtamed by the latter authors for healthy adults No one can set out to explam 

renal function m early life without takmg cognizance of these differences between 
infants and adults 

Methods of Inveshgatwn and of Comparaltve Expression 

The methods which have yielded so much information about the adult kidney 
are almost all available for the study of the infant kidney but some of them require 
adaptation to a more micro scale Workers have not always checked their modifi- 
cations for infant work against adult material, but any one who sets out to study 
renal function m young ammals should be prepared to make similar mvestigations on 
adults by the same methods, because the basis of every study must be comparative 
Some measurements, e g , those of osmotic pressure, may be directly compared and 
sometimes the prmaple of an mternal standard may be employed Thus the 
NHj/total N or the P/total N ratio m the unne of adults and infants may be com- 
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sensible loss of water vaned directly at all ages with the heat production — and this is 
well known to be low in newborn infants Bailey and Muihn (6) found the metabo- 
lism of the newborn infant under basal conditions to be 25 Cals/sq m/hr , whereas 
young adults have a basal heat production of about 40 Cals/ sq m/hour (3 5) It may 
be assumed with confidence, however, that babies are as a rule short of water from 
about the 4th to the 36th hour of their hves Very httle is known about the effect 
of this physiological hydropema upon the chemistry of the mtemal environment and 
not much more about the way m which the kidney reacts to it, but much of this infor- 
mation should be easy to obtain Our knowledge at present may be summanaed as 
follows 

r) The blood urea rises between birth and the third day of life and with it m aU 
probabihty the unc aad, NPN and other mtrogenous end-products (8, 73, ro6, 
107, log) The rise m the blood urea may not be great and averaged ro 2 mg/ roo cc 
m a small senes of 12 infants Much higher figures have been observed m some pre- 
mature babies (133) The concentration of urea m t|fe blood begms to fall about the 
third day of life (for references, recent data and discussion see McCance and Widdow- 
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son, 82) The blood urea also rises for some days after birth m newborn rats (126) 
2) The urme becomes more concentrated soon after birth and urates are frequently 
d^sited m it as It cools The output goes up later -as the mtake of milk mcreases 
The figures m the table were obtamed by McCance and von Fmck (79) and show the 
general trend It must be emphasized that these figures are averages and there w eis 
considerable variation from one child to another AU who have studied the unne at 
this age are m agreement about the reality and magmtude of these vanabons (ir8) 
Miller (87) has made similar observations on gastric juice, and it is evident that a 
number of jximts about the physiology of mfancy can only be settled by a statistical 
approach 3) No statement can be made about the volume of unne passed per 
minute before buth but the volumes of unne passed on the second and third days 
of life are smalL In Thomson’s senes (118) they ai’eraged only 20 6 cc/24 hrs , 
which IS probably less than 100 cc/sq m/24 hours, and one of the two babies with 
dehydration fever (119) passed less than 50 cc/sq m/24 hr for three consecutive 
days Smith (iii) made observations on premature and fuU-term babies who 
were given no water for nearly 48 hours and found that they were passmg about 
200 cc/sq m/24 hrs 4) The specific gravity of the urmes passed at this time is 
of the order of 1012 to 1015 (118), and the osmotic pressure 450 m osmols/L (46) 
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urea and unc aad in appreciable amounts They also suggest that the amniotic sac 
must be osmotically isolated from both mother and fetus for a large part of its 
existence Butler (19) has recently shown that muhn injected mto the mother may 
be detected in the unne of babies dehvered withm two hours, so that this substance 
must not only pass the placental membrane but be excreted by the fetal kidney 
Wells (122, 123) dehvered fetal rats mto the abdommal cavity of the mother about 16 
hours before term, and blocked the outlet of their bladders by cautery He found 
that unne was formed and distended the urinary tracts above the obstruction, and 
that phenosulphonephthalem was excreted by these fetuses The unne secreted by 
a group of 1 1 control animals averaged 225 mgm/grams fetus/hr Into 6 animals he 
mjected 75 mgm of urea m a volume of o 15 cc and from these he collected an average 
of 4 5 mgm of urme/grams of fetus/hr He collected an average of 5 r mgm of 
unne/grams of fetus from 4 animals to whom he had given o 15 cc of distilled water 
and he concluded that fetal rats secreted unne more rapidly than was generally 
supposed durmg the last two days of utenne hfe By employmg a suitably sized 
animal and the appropnate techmque it ought to be possible to work out the division 
of labor between the placenta and the kidney throughout a large part of fetal hfe 
Tausch (iry) cathetenzed a large number of babies at buth and concluded that 
the unne of the last few hours or days of fetal hfe was generally aad and had a lower 
specific gravity than that found m adults It contained creatinme and sometimes 
albumm, and the average non pro tern N amounted m that senes to o 155 per cent 
Work recently earned out by McCance and von Fmck (79) is m substantial agreement 
with these conclusions Fetal unne charactensPcally contains very low concen- 
trations of urea and other mtrogenous end-products and has a low osmotic pressure, 
whereas that of the mother passed at the same time may be highly concentrated 
Smee mother and fetus must be regarded as bemg m osmotic equihbnum, there is a 
problem to be solved here which rmght give us a clue to much of the renal pbysiobgy 
of the infant 


RENAL FUNCTION AFTER BIRTH 
Unne Volumes and Osmotic Pressure 

It may be assumed that a child is fully hydrated at birth, but m a state of nature 
it gets httle flmd from the breast for at least 24 or often for 36 or even 48 hours An 
article by Thomson (118) may be consulted for data about the fluid mtake of newborn 
infants and an account of the volumes and the characteristics of the unne passed by 
them In some hospitals newborn babies are given water, but m many they are not 
and m a few the infants are dehberately given no flmd for 36 hours or more even if 
they are to be reared from a bottle Dehydration for this length of tune ould leave 
an adult m a state of considerable hydropema and, although they do not sweat freely 
' at this age, there is reason to beheve that newborn babies may lose a greater propor- 
tion of their body water m the same tune, for they have proportionally a larger surface 
area from which to evaporate moisture (124) Agamst this must be set Heller’s (48) 
observations on newborn rats which showed that these animals had a surpnsmgly 
email extrarenal loss of water and the explanation of this fact probably hes in the 
findmgs of Levme and Marples (71) These workers demonstrated that the m- 
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It will be recalled that the volumes of unne passed by babies dunng the stage of 
physiological hydropema were between 8o and 200 cc/sqjn/24 hrs These volumes 
are surpnsmgly small The two men dehydrated by Black el al (14) passed about 
350 cc/sq m/24 hrs , but their diets contamed between 9 and 10 grams of NaCl/day 
and 104 to 13 8 grams of N This quantity of urme, however, is httle more than that 
excreted by Nadal, Pedersen and Haddock’s sulked E £ , who excreted about 330 
cc/sq m/24 hrs on a salt poor ‘dry’ diet. Gamble’s (41) subject passed 290 cc/ 
sqjn/24 hrs and Ladell's men (69) somewhat less (about 230 cc/sq m/24 brs ), while 
the person who was given nothmg to eat or drink by Nadal, Pedersen and Haddock 
(90) passed 440 cc m the 24 hours which would be about 250 cc/sqm A similar 
figure was obtamed by WTnkler, Danowski, Elkmton and Peters (129) How are 
these findings to be reconciled with the views of Kerpel-Fromus? The human 
infants do not produce concentrated unnes, yet they do not appear to have any 
polyuna There are several possible explanations The volume of the ‘unne 
obhgatoire’ vanes mversely as the concentratmg capaaty of the distal tubules and 
directly as the quantity of the osmobtcally active material reaching the distal tubules 
per minute. The latter can only be large if the gbmerular filtration rates are high, 
and although nothing is known about the glomerular filtration rate of Kerpel- 
Fromus’ pups, they were presumably relatively high If the glomerular filtration 
rates of infants aged 2 days were suffiaently low, then the infants might have low 
minute volumes m spite of a poor concentratmg power The glomerular filtration 
rates of infants 2 days old are already known to be low (see later) They averaged 28 
cc/sqm/ mm after givmg fluids (31), but this is not low enough to explam the 
volumes of unne passed at this age by babies who are hydropenic, for if the volume 
of unne passed by a 2-day old infant be taken to be 150 cc/sqjn/ 24 hrs , this would 
be reduced to about 50 cc/sqjn/24 hrs if the baby had the concentratmg power of 
an adult. A glomerular filtration rate of 30 cc/sqm/mm , however, is httle less than 
one half of the rate found m dehydrated adults by Black el al (14) and would 
lead one to expect urme volumes of the order of 450 cc/sq an/ 24 hrs m the infants 
The volumes actually piassed suggest that the glomerular filtration rates would 
have to have been of the order of 8 cc/sq m/mip to explain the findmgs under dis- 
cussion. The glomerular filtration rates, however, may well be as low as that m 
infants who have never received wrater or food From all that is known about 
glomerular filtration rates this may be so, but no measurements have yet been made 
and, therefore, the relationship cannot be made quantitative There is no infor- 
mation at present about the relative heights of the glomerular filtration rates m 
infancy and the reabsorptii e capacity of the proximal tubules 

The Excretion of Water 

After some controversial work m the two pre\aous years (92, loi, 116, 124) it was 
shown by Lasch (70) that babies under 3 months of age excreted water less freely than 
babies over 3 months This confiinned the findmgs of Aschenbeun (5) This m- 
vesbgator had gi\ en babies 200 cc. of water at 6 a m after an overmght fast and 
coUected their unne over the next 5 hours In the second half year of life the infants 
excreted 200 cc of wrater m this tune, but less than th is m the first half year and in the 
first three months only some too cc. Aschenheim considered that these results were 



336 


R. A. McCANCE 


Volume iS 


Smith (ill) foimd values of 400 to 600 m osmols/L, and Thomson (119) one for baiy 
B with dehydration fever which was probably not much higher If the serum be 
taken to have an osmotic pressure of 300 m osmols/L, it will be seen that the infant 
urmes are generally more concentrated than the plasma on the second day of life, but 
after shorter periods of water deprivation healthy adults have been shown to produce 
urines with osmotic pressures of 1000 to 1300 m osmols/L so that it is clear that the 
human infant does not normally produce such hjipiertomc urmes as an adult When 
McCance and Young (84) first discussed this, their data had been denved from fuU- 
term babies who had been bom for at least a week and who had never been deprived 
of water for very long Their conclusions were based upon chemical analyses which 
probably gave results somewhat lower than the true U/P osmotic ratios They 
concluded that the kidne}^ of infants consistently produced “hypotomc urmes from 
plasmas from which adults would certainly have produced h3T3ertonic urmes at com- 
parable urme volumes” The^ recent data do not conflict with their conclusions m 
any way In discussmg a senes of premature babies, moreover, aged 2 to 7 da)fs. 
Young, HaUum and McCance (133) piomted out that the U/P osmotic ratios as 
measured by them were one or more m a number of the children (the ratios would 
have been higher had they been based upon the actual freezmg piomts) They 
thought that m some instances these high ratios were due to the high blood urea 
found m these babies and Aldndge (3) noted m older children that when the serum 
chlondes were withm normal limits, httle NaCl was excreted m the urme which was 
certainly hypotonic After NaCl or normal sahne had been given to these babies, 
however, the serum values became qmte abnormal and the concentration of NaCl m 
the unne went up to i 39 per cent These urmes must have had osmotic pressures 
of at least 600 or 700 m osmoIs/1 It is possible that many babies do not begin to 
produce hypertomc urmes until the urea or sodium salts m their plasmas have risen 
to abnormal heights and it is to be regretted that Thomson’s (119) study of two 
babies with dehydration fever should not have mcluded investigations of the serum 
chermstiy It may be concluded that babies aged 2 to 4 days are hydropemc, yet 
they produce urmes with osmotic pressures which are sometimes no greater than that 
of the serum and never as great as that of the urme passed by a healthy adult after 
bemg depnved of water for a similar length of time This work on man followed 
some very excellent studies on puppies which were made on the Contment of Europe 
between 1925 and 1936 by Kramdr (66, 67), Schiff, Bayer and Choremis (104), Schiff 
(103), and particularly by Kerpel-Fromus (27, 59, 60, 61, 62, 63) These mvesti- 
gators were fuUy aware of the fact that young puppies could not concentrate their 
urme as could adult dogs and Kerpel-Fromus actually stated in 1932 that the same 
was true of all suckhng mammals (89) A knowledge of this fact and of the well- 
known French dictum about the ‘urme obhgatoire’ (4, 23) enabled these men to 
develop a method of dehydratmg puppies by feedmg them upon partially evaporated 
milk. They shou ed that a) the same diet did not dehydrate adult dogs and b) it was 
only possible to dehydrate the pups in this way if the diet contamed a certain amount 
of protein It was assumed that the mabihty of the kidney to concentrate led to a 
relative polyuna and this in turn led to the dehydration which was obvious chnically 
and measurable osmoticaUy after four days High praise must be given to these 
pioneer mvestigators 
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It will be recalled that the volumes of umie passed by babies durmg the stage of 
physiobgical hydropema were between 8o and 200 cc/sqjn/ 24 his These volumes 
are surprisingly small The two men dehydrated by Black el al (14) passed about 
350 cc/sqjn/24 hrs , but their diets contamed between 9 and 10 grams of NaCl/day 
and 10 4 to 13 8 grams of N This quantity of urme, however, is httle more than that 
excreted by Nadal, Pedersen and Maddock’s stibjed E£ , who excreted about 330 
cc/Eqjn/a4 hrs on a salt poor ‘dry’ diet Gamble’s (41) subject passed 290 cc/ 
sq m/24 hrs and Ladell’s men (69) somewhat less (about 230 cc/sq m/ 24 hrs ), while 
the person who was given nothmg to eat or dnnk by Nadal, Pedersen and Maddock 
(90) passed 440 cc m the 24 hours which would be about 250 cc/sq m A similar 
figure was obtained by Winkler, Danowski, Elkmton and Peters (129) How are 
these findmgs to be reconciled with the views of Kerpel-Fromus? The human 
infants do not produce concentrated urmes, yet they do not appear to have any 
polyuria There are several possible explanations The volume of the ‘unne 
obligatoire’ vanes mversely as the concentratmg capaaty of the distal tubules and 
directly as the quantity of the osmotically active material readung the distal tubules 
per nunute The latter can only be large if the glomerular filtration rates are high, 
and although nothmg is known about the glomerular filtration rate of Kerpel- 
Fromus’ pups, they were presumably relatively high If the glomerular filtration 
rates of infants aged 2 days were suffiaently low, then the infants might have low 
minute volumes m spite of a poor concentratmg power The glomerular filtration 
rates of infants 2 days old are already known to be low (see later) They averaged 28 

cc/sqjn/mm after givmg fluids (31), but this is not low enough to explam the 
volumes of urme passed at this age by babies who are hjdropenic, for if the volume 
of unne passed by a 2-day old infant be taken to be 150 cc/sq m/24 hrs , this would 
be reduced to about 50 cc/sqjn/24 hrs if the baby had the concentratmg power of 
an adult A glomerular filtration rate of 30 cc/sqm/min., however, is httle less than 
one half of the rate found m dehydrated adults by Black el al (14) and would 
lead one to expect urme volumes of the order of 450 cc/sq m/24 hrs m the infants 
The volumes actually passed suggest that the glomerular filtration rates would 
have to have been of the order of 8 cc/sq m/mip to explam the findmgs under dis- 
cussion The glomerular filtration rates, however, may well be as low as that m 
infants who have never received water or food From aU that is known about 
glomerular filtration rates this may be so, but no measurements have yet been made 
and, therefore, the relationship cannot be made quantitative There is no infor- 
mation at present about the relative heights of the glomerular filtration rates m 
infancy and the reabsorptive capacity of the proxinial tubules 

The Excretion of Water 

After some controversial work m the two previous years (92, loi, 116, 124) it was 
shown by Lasch (70) that babies imder 3 months of age excreted water less freely than 
babies over 3 months This confirmed the findmgs of Aschenheim (5) This m- 
vestigator had given babies 200 cc of water at 6 am. after an overnight fast and 
collected their urme over the next 5 hours In the second half year of life the infants 
excreted 200 cc. of water m this time, but less than this m the first half year and in the 
first three months only some 100 cc. Aschenheim considered that these results were 
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due to the fact that the tissues of the younger infants had a very high affinity for water 
She did not attribute them to functional underdevelopment of the kidney Lasch 
gave the babies under 3 months of age 100 cc and those between 3 and 6 months 150 
cc of water, so that he employed more comparable tests Unfortunately, Ohlmann 
(92) and Rommger (loi) did not arrange their experiments m a similar way and little 
or no further work of a similar kind seems to have been done with human subjects 
There is httle doubt, however, that these results were correct, although they must 
now be extended and confirmed, for Adolph (i) has found that young puppies excrete 
water at a much slower rate than adult dogs and Heller (48) and McCance and 
W ilk i n son (83) have found the same to be true of newborn rats In fact, the ad- 
mmistration of 5 par cent or even more of the body weight of water produces httle if 
any diuresis m the newborn of this species 

The excrebon of water cannot be discussed without reference to the post pitui 
taiy anbdiurebc hormone Heller (46) has published some important papers on this 
subject He has shown that the administrabon of post pitmtary hormone to infants 
does not lead to much concentrabon of the unne The tests were made on babies 
over a week old who were passmg the large volumes of ddute unne usual at that age. 
It IS perhapis unfortunate that water was not given to the infants, smce the acbon of 
the post pituitary hormone can be demonstrated with most certainty when the animal 
IS carrymg a considerable water load Be that as it may, Heller (49) has also found 
that the pituitanes of young a nima ls can only be made to yield a fracbon of the 
acbve material per 100 grams of body weight obtamable from the pars nervosa of 
adult glands It is certainly an mteresbng adaptabon of nature that for the tune 
after birth dunng which the kidney appiears to produce httle or no diuresis after the 
admmistrabon of water and to be at the same tune unresponsive to post pituitary 
hormone, the gland should contam and presumably manufacture so httle 

Glomertdar FtUration Rale 

It IS recognized that the glomerular filtrabon rate in adults averages about 70 
cc/sqjn/mm and that it is relabvely unaffected by the hydration of the subject {14X 
at any rate, so long as he conbnues to eat Barnett (10), who employed an mdirect 
method to estimate the inuhn clearances of some newborn infants, found that on the 
basis of surface area the muhn clearances at birth were less than 50 per cent of those 
m adult life Young and McCance (134) showed m a few babies that the muhn 
clearances, 1 e , the glomerular filtrabon rates, were only of the order of 30 cc/sq m/ 
min and the recent work has m general gone to confirm these findmgs and to show 
that, while the rates may be veiy variable from one baby to another, the average 
figures rise with age to approach the adult levels by the end of the first year or 18 
months of hfe Thus Dean and McCance (31) found the glomerular filtrabon rates 
averaged 28 cc/sq m/ mm m babies a few days old West, Smith and Chasis (125) 
and Rubin, Bruck and Rapoport (102) have found the manmtol clearances m very 
young infants to be much lower than those of adults The former authors con- 
sidered that adult levels were reached as early as the second month but the latter not 
tiK the second or third year Somewhere between the two will probably turn out to 
be true for the average baby, but large mdividual vanabons must be expected 

After examining a small senes of infants McCance and Young (84) considered 
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that the glomerular filtration rates varied with the hydration of the baby Very 
similar results were obtamed quite mdependently by Barnett (lo) who made an 
elegant study of a baby with extravertion of the bladder (12) Both ureters were 
cathetenzed and the kidneys compared This dependence of the glomerular filtration 
rate upon the hydration of the animal is not pecuhar to the human mfant It is 
shown by the adult rabbit (56, 127) and by other speaes It may (40) or may not 
(47) be true of the rat Recent work m the Umted States, however, has not demon- 
strated any close relationship between the volume of the urme and the glomerular 
filtration rate (11), but some of this work was done with maimitol as the mdes of 
glomerular filtration and this substance acts as an osmotic diurebc, so that few really 
low min ute volumes were at first obtamed. Barnett el al (13) have now reiierted to 
inulm as the mdex of glomerular filtration rate and shown that by varymg the water 
mtake of premature infants the mulin U/P ratios could be made to vary from 3 9 to 
127 The latter figure mdicates that the glomerular filtration rates must have re- 
mamed high even w hen the urme volumes had fallen to low levels Babies have stiU 
to be tested by the new techniques under conditions of real dehj’dration and this 
should be done from the climcal pomt of view for, if it were to be established that the 
glomerular filtration rates fall to low levels m really dehydrated infants, then it 
would be easy to explam the grossly abnormal serum chemistry often found m them 

Urea Clearances 

Urea clearances have been the standard tests of an adult’s renal effiaency for a 
number of years, and a great deal is known about them At urme volumes over 2 
cc/mm. the clearances are at a maximum value which is about 72 cc/mm As the 
urme volumes fall the clearances also fall and at i cc/mm average 54 cc At urme 
volumes of o 3 cc/mm the clearances are of the order of 34 cc McCance and Young 
(84) determmed the urea clearances of healthy babies of vanous ages and found that 
in the first 14 days of life they were far below those of adults when the two w ere 
compared on the basis of surface area These findmgs rmght pmssibly have been 
predicted from some work of Stransky and BSlmt (115) on Ambard’s coeffiaent m 
infancy, or from what has already been said about the glomerular filtration rates and 
been confirmed by all subsequent mvestigators (102, 125) 

McCance and Young (84) found, as might have been expected, that on the whole 
the urea clearances m infants vaned as they did m adults with the degree of hydration 
of the subject, but Gordon, Harrison and McNamara (42), who have also determmed 
the urea clearances m the early days of life and agree about their faemg so much lower 
than those of adults, did not find that they vaned wuth the mmute volumes of the 
unne The ongmal findmgs have, however, been confirmed by Barnett el al (13) 
and by Dean and McCance (unpublished data) Young and McCance (134) and 
Gordon el al (42) found that the urea clearances rose towards the adult levels as the 
babies grew, and Young and McCance (134) showed that they were approachmg 
adult levels towards the end of the first year of life (102) 

TtJBtJIAR FtINCnON 

Crealimne Clearances 

In animals other than man and the higher apes the exogenous creatmme clear- 
ances are equal to the muhn clearances (112) In adult human bemgs the exogenous 
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creatmine clearances are greater than the muhn clearances The ratio of the one to 
the other is of the order of i 3 and some creatinine is generally considered to be ex- 
creted by the tubules The endogenous creatinine clearances are said to be equal to 
the muhn clearances but, smce some of the chromogemc material is most probably 
not creatmme, it is impossible to say what saentific value should be assigned to these 
endogenous creatmme clearances Brod (17) has exammed the endogenous creatl- 
nme/manmtol clearance ratios m ulfancy and found them less than umty and Dean 
and McCance (31) studied the exogenous creatmme/muhn clearance ratios m babies 
a few days old and found them to average i Both these results suggests that at 
birth the tubule cells have not yet developed the property of excretmg creatmme 
which they will acquire m later hfe 

Dwdone {BP) and p-Amtnohtppurtc Actd Clearances 

These substances are excreted to some extent by glomerular filtration but th^ 
are also actively excreted by the tubules Their clearances have been used to 
measure the blood flow through the kidney by virtue of the fact that if the quanbty of 
one or the other of them m the plasma is small, the whole of it is removed m one 
passage through the kidney The maximum amount which the tubules can excrete 
from high plasma levels (Diodone or p-ammohippunc aad Tm) has been used as a 
measure of the active tubular mass Dean and McCance (31) measured the diodone 
clearances from low plasma concentrations m the first four days of hfe and found them 
to be low by adult standards on the usual surface area basis They obtamed an 
average value of 66 cc/i 73 sq m/mm against one of 600 cc/mm for adults They 
also found the diodone/mulm clearance ratios to be low, which suggested to these 
authors that the diodone was bemg excreted much less readily by the tubules in 
mfancy than m adult hfe, and that its clearance could not be used to measure the 
blood flow through the kidney at this age The muhn/diodone clearance ratios, or 
the so called filtration fractions of Dean and McCance, averaged o 42 and those of 
Barnett el al (13) o 34 m 4 premature mfants under 14 da}m of hfe The average for 
adults IS much lower Workers m Homer Snuth’s Department (125) and also Rubm, 
Bruck and RapiopKirt (102) have studied the clearances and the Tm values of p- 
aimnohippunc aad in older babies and communicated their results to the Fifth Inter- 
national Congress of Pediatncs At the earher ages they also found low clearances 
and Tm values for pi-ammohippunc aad, as the mfants grew the clearances and Tm 
values rose and approached adult levels towards the end of the first year 

Mineral Clearances 

Very much less is known about mmeral than about urea, muhn or creatmme 
clearances and no adult standards have been laid down for potassium, sodium or 
chloride The clearance of a true non-threshold substance such as muhn should only 
be affected by the glomerular filtration rate and perhaps by the mmute volume, but 
the clearance of a threshold body such as glucose or chlonde depends not only upon 
the glomerular filtration rate and the mmute volume, but also upon the concentration 
m the serum and the reabsorptive activity of the tubules This last is partly con- 
trolled by the suprarenal cortex— at any rate so far as sodium, chlonde and potassium 
are concerned— and it is not possiTile to make any measurement of the extent of this 
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Variations in suprarenal activity, however, are probably responsible for some of the 
puzzling facts about mineral clearances The rate of excretion of NaCl, for instance, 
often appears to depend upon mtake rather than serum level, and Borst (15) has 
recorded variations m chloride output which are the very reverse of those which a 
knowledge of serum values would have led one to expect McCance and Young (84) 
detemimed the sodium, chloride and potassium clearances m a number of newborn 
full-term babies and they showed that the clearances were much lower than those of 
adults On the usual basis of surface area the figures for mfants tended to be about 
one-fifth of those of the adults tested at the same tune It has already been pomted 
out that the concentrations of these elements m the sera of mfants are fully as high 
as or higher than m those of adults, so that the cause of the low clearances must he m 
the kidney itself or m the ductless glands which control the excretion of these ions by 
the kidney The low clearances mdeed may be the reason for the high values found 
in the Wood and the large volume of extracellular flmds at this age They may also 
be responsible for much of the edema which affects premature mfants Young, 
HaUum and McCance (133) found that the Cl clearances were much lower m pre- 
mature than m full-term infants At all ages the Cl clearances tended to fall as the 
volumes of urme passed per mmute decreased Young and McCance (134) found 
that the K clearances also vaned with the mmute volume It is still not known 
whether the low glomerular filtration rates will fully explam these low clearances or 
whether the tubules reabsorb more of the mmerals from the glomerular filtrate m 
infancy than they do m adult life A further analysis can only be made when the 
glomerular filtration rate and the sodium and chlonde clearances have been deter- 
mmed simultaneously 

Some small amount of attention has been given to the rate of excretion of P and 
Its clearances m adults Phosphate clearances have been found by several people 
(33i 93) to be of the order of 10 to ir cc/sqjn/mim, but there are many cunous 
features about them which are so far imexplamed They have been found to be 
lower m the forenoon than at other tunes of the day and mght (38, 65) Dean and 
hIcCance (33) found the phosphate clearances of mfants less than 14 daj^ old to be 
greater when the mmute volumes were large than when they were small and to range 
from o r2 to 3 7 cc/sqan/mm This range is far below the average for adults and it 
IS evident that these clearances resemble all others so far mvestigated m bemg very 
much lower m infancy than they are later m life It is not known at what age the 
phosphate clearances approach the adult levels, but one hydrocephahc child aged 5 
months mvestigated by Dean and McCance had a phosphate clearance of 7 5 cc/ 
sqm/mm , which is withm the adult range It is to be noted that these low clear- 
ances may be the explanation of the high serum phosphorus characteristic of mfants 
and young children, but until simultaneous glomerular filtration rates and phosphate 
clearances have been earned out on young infants it will not be possible to state 
whether the glomerular filtration rates are low enough to account for the clearances, 
or whether exaggerated tubular reahsorption also plays a part 

Osmoltc Diurests 

If a strongly hypiertomc solution of urea or sodium chlonde is administered to a 
hydtojiemc adult or to a full-grown rat which has been depnved of water for 12 hours. 
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a very characteristic response is evoked This response has been investigated by 
McCance and Young (85), Chambers el al (22), McCance (78), Hervey, McCance 
and Tayler (50, 51), and by McCance and Wdkinson (83) It consists of a) a 
diuresis vhich may be very mtense for a time but always subsides before all the NaCl 
has been excreted and b) a fall m the osmotic pressure of the urme m spite of the 
hypertomc state of the animal’s body fluids Hervey, McCance and Tayler 
attnbuted this fall m osmotic pressure to the fact that the distal tubules were only 
capable of canymg out a li m ited amount of osmotic work per mmute so that when 
excessive quantities of osmotically active material were passed on to them by the 
proximal tubules as an isosmotic solution, they were imable to remove enough water 
to raise the osmotic pressure of the large volume of flmd to the haght usual m dehy- 
dration The respionse of a newborn a nima l to si mila r treatment differs considerably 
from that of an adult of the same species and newborn rats which were mvestigated 
by McCance and Wilkinson show these differences to a much greater degree than 
human mfants When 5 per cent of the body weight of 10 per cent NaCl or 20 per 
cent urea was administered to newborn rats by stomach tube, the young animals 
passed very httle additional unne, although the changes m the serum chenustry were 
as great as or greater than m the adults The urme of these newborn animals, more- 
over, which has always got a much lower osmotic pressure than the urme of the 
hydropenic adult, did not become more dilute but tended to become more concen- 
trated The absence of any appreaable diuresis means that the newborn animal is 
mcapable of domg much if anythmg to restore the internal environment to its normal 
composition Dean and McCance (32) have mvestigated the responses of newborn 
infants to similar treatment In them a diuresis of small magmtude is obtained and 
the osmotic pressure of the urme may nse shghtly or remam unchanged The per- 
centage of the dose of NaCl which is excreted is always much less than that excreted 
by an adult There is no doubt that these effects and phenomena must be considered 
m cormection with the low sodium and chionde clearances which have already been 
described and with the work of Aldndge (2, 3), Maizels and McArthur (75), Cooper 
(25) and others who have so often emphasized the rapidity with which an infant s 
serum chemistry may become highly abnormal There is a great deal of quantitative 
work to be done before the relationships of all these phenomena to each other can be 
satisfactorily explamed 


Acid-Base Regulation 

This IS a most imjxirtant function of the kidney but it is a very difiScuIt one to 
mvestigate quantitatively The evidence that babies may remam m a state of 
amdosis for some time after birth has already been given A change from breast 
mill to cow’s milk has been said to alter matenally the aad-base balance of the scrum 
towards the aad side (72) The reactions of infant urmes, however, have not been 
found to be highly aad The average pn was close to that of a large group of adults 
There are, however, interestmg differences between the manner and the faahty nit 
which adults and infants excrete aad (79) Infants tend to have higher ratios o 
ammoma/aadity titrated to the phenolphthalem end point and also higher ammoma 
coeffiaents than adults Both these findmgs suggest either that their kidneys are 
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coping with an aadosis or that there are few of the normal adult buffer substances m 
an infant’s urme. It has been known for a very long tune (105) that the unne of an 
mfant may contam extraordinarily bttle morgamc phosphate This was fully con- 
firmed by McCance and von Fmck, who showed that the P/N ratio m infancy was far 
lower than m adults and that m infancy much less of the titratable aadity was due to 
aad phosphates, and much more of it to or^mc aads than later m hfe This small 
excretion of phosphates by newborn infants clearly makes it difficult for them to cope 
with an aadosis should one arise (96, 97, 98) and may be the explanation of the 
findmgs m the serum. The low phosphate clearances are also a part of this story 
No one has yet compared the capaaty of the tubules to produce ammoma m infancy 
and m adult hfe by creatmg an mtemal aadosis This would be an instructive ex- 
periment especially m the hght of the data which has just been discussed 

CtUular Metabohsm 

Differences m cellular metabolism must underhe the changes m renal function 
which accompany development, but so far httle work has been earned out on this 
subject and there is no immediate prospect of bemg able to correlate metabolism with 
function. Kay (57, 58) reported that the phosphatase activity of embryomc rabbits’ 
hdneys was low and that it remained below the adult levels for some days after birth 
^PPs (37) found that the cortex and medulla of the kidney of the newborn child were 
defiaent m amme oxidase, as compared with the same parts of an adult’s kidnqr 
The activity of the oxidase had reached the adult level by the tune the infant had 
reached the age of 3 months Cutting and McCance (28, 29) showed that the oxygen 
consumption of the kidney cells of newborn rats was a httle lower than that of adult 
cells when the shces were first set up The oxj’-gen consumption of the kidney cells of 
newborn pigs, cats and humans was higher than that of adults, but m all speaes the 
oxygen consumption of the newborn cells was better mamtamed The addition of 
lactate or suconate to the shces of newborn kidneys raised the oxygen consumption 
much less than a correspondmg addition to shces from adult kidneys Another 
difference between the behavior of these shces at the two ages was that the adult shces 
dismtegrated much more rapidly so that far more of the tissue N escaped mto the 
surroundmg medium It was shown m rats that this disin tegration could be pre- 
vented to a large extent by addmg calaum to the medium and this addition made the 
adult shces behave m other ways more like those of newborn animals The addition 
of calaum was without effect upon the shces of neu bom animals (30) 

Anatomy 

Parts of the human kidney are still undeveloped at birth Many years ago 
Eckhardt (36) stated that the glomeruh at birth were smaller and much more close 
together than they nere m adults, but he considered that no new glomeruh were 
formed after full term Potter and Thierstein (99) found that developmg glomeruh 
could no longer be found after an infant had reached a w eight of 2100 to 2500 grams 
Thus many premature mfants must possess this functional handicap whereas fuU- 
term mfants should not. Evidence has already been quoted to show that premature 
infants have lower clearances of urea and salt than full-term babies, but to what 
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extent this is due to a numerical defiaency of glomenih (and presumably therefore of 
nqihrons) has not yet been made clear According to Peter (95) the glomenih are all 
formed, but the nephrons attached to those near the capsule are still very primitive 
and the loops of Henle are very short. The most central nephrons are m a much more 
advanced stage of development, but even they have many primitive features (88) If 
the loops of Henle are really the parts'of the nephron responsible for the production of 
a hypertomc urme, these observations might be held to explam the inabihty of an 
infant to produce a concentrated urme, but unfortunately any theones about function 
based upon measurements of the loops of Henle are comphcated by the fact that even 
m adults the loops are of very different length (94) 

In some young a nima ls the kidne)^ seem to be less well developed at birth than 
they are m man, for Riedel (100) found that m mice and m other animals which were 
bom bhnd new glomenih contmued to be formed for some time after birth Yoffey 
(132) has studied the elimination of trypan blue by the cells m the proximal tubules 
of growing rats In newborn animals the nephrons m the penpheral part of the 
cortex were stdl undeveloped and the cells took up no dye The proximal tubules in 
the deepier layers of the kidney took up dye and the nearer they lay to the medulla 
the more actively they did so The abihty of the cells to excrete dye was accom- 
pamed by the development of a brush border Some attempt should be made to 
correlate these histological findings with any changes m enzyme activity which are 
known to take place at about the same time The beanng of the histobgical data 
upon the function of urme formation, as revealed by studies of the whole animals, will 


be more difiBcult to mterpret 

Trueta et al (121) have recently made some mterestmg discovenes about the 
renal circulation They have confirmed that m the neonatal child the cortex makes 
up a much smaller proportion of the kidney than it does m later hfe, and consequently 
that the medullary and juxtameduUary glomeruh must have a jiarbcular significance 
at that time They beheve that these glomeruh have a blood supply which differs 
m rmpiortant respiects from those m the cortex It is possible that the function of 
these inner nephrons differs from those lyong nearer the cortex of the kidney and that 
somethmg of this kmd may underhe the functional differences between the kidneys 
of newborn and adult ammals, but this is a matter of conjecture at present Trueta 
ei al have also demonstrated the development m certam circumstances of large 
arteno-venous shunts which may exclude most of the cortex from active cumulation 
These observations may go far towards explammg some of the functional abnor- 
mahties of the kidney with which physicians have been famihar for many years (20, 
74, 80, 81), but it IS difficult to see at present how their discovenes further the study 
of function m the newborn kidney Of more importance would seem to be the his- 
tological data about the state of the glomerular epithehum In adult life the glo- 


merular tuft IS covered with the thmnest of pavement epitheha so that there is a mini- 
mum bamer to filtration In fetal life, however, the tuft is covered with a layer 0 
tall columnar cells, which must be an effective bamer to ultrafiltration These cells 
were descnbed and illustrated long ago by Klem el al (64), but they have been rede- 
scnbed quite recently by Grunewald and Popper (43) At full term the cells are 
much less conspicuous and are cubical rather than columnar and may not completely 
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over the tuft (24) Comadental with this developmental change m the shape of the 
Jomerukr cells there appears also to be one m their staining reactions with silver 
alts, for as the cells flatten they acquire a fine reticulum of argyrophil fibrils (45) 
[here is thus an anatomical basis for the low glomerular filtration rates and low 
learances of early life In the first place the cortical glomeruh and nephrons may 
lot yet have commenced to functioiL In the second place the glomeruh, even if 
imctionmg, are still partially covered by a layer of cells thick enough to make filtia- 
lon a relatively slow process 


CONCLUSIONS 

In this review a short description has been given of the anatomy, cellular 
iermstry and ph3fsiology of the infant’s kidney It has been shown to differ m aU 
hese respects from the adult organ, but it is not yet possible to correlate these dif- 
'erences to any extent or to discuss the functional immaturity of the newborn organ 
n terms of development, anatomy and cellular metabolism In the future no doubt 
it will be possible to do this 

If it IS permissible to generalize about the functioiial differences, it may be said 
that the kidneys of ammals begm to form and to secrete a flmd which resembles 
Dime before birth They contmue to do so after birth and there is probably no great 
functional devebpment at that time In the early days or weeks of life the newborn 
kidney is, however, a less effective organ than it will later become Thus the glo- 
merular filtration rates are lower and the clearances of all those substances which are 
excreted mainly by gbmerular filtration are necessarily also lower The tubules 
have not yet acquired to the full their capaaty to excrete creatinme, diodone or 
p-ammohippunc aad, but their abihty to reabsorb sodium, chlonde and phosphate 
10ns may develop more qmckly than the gbmendar filtration rate so that a very high 
proportion of these 10ns may be reabsorbed from the gbmerular filtrates Func- 
tionally, moreover, the kidney of the newborn animal has httle flenbihty It ex- 
cretes water, sodium chlonde and urea, but if the mutual rebtionships of these m the 
mtemal environment are disturbed, the kidney makes a rebtively feeble attempt to 
restore the status quo and this is true even when the disturbance has been very great. 
There is some sbght evidence also that the same may be true of pH 

In the hght of these results a study of the capaaty and limi tations of the kidney 
m the early da3is of life seems to be an important subject for research If all is normal, 
the kidnty of a baby will do the work required of it — ^Nature Lns seen to that — but 
if the child has become dehydrated, aadosed, or otherwise abnormal, or has to 
undergo some surgical operation, then the duty of the pediatnaan must be to assist 
the kidney to restore and mamtam the normahty of the mtemal environment and he 
reqmres for this purpose all the knowledge with which the mvestigator can supply 
him 
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extent this is due to a numerical deficiency of glomeruli (and presumably therefore of 
nephrons) has not yet been made clear Accordmg to Peter (95) the glomeruU are all 
formed, but the nephrons attached to those near the capsule are still very primitive 
and the loops of Henle are very short The most central nephrons are m a much more 
advanced stage of development, but even they have many pnnutive features (88) If 
the loops of Henle are really the parts'of the nephron responsible for the production of 
a hypertomc urme, these observations imght be held to explam the inabihty of an 
infant to produce a concentrated urme, but unfortunately any theories about funcbon 
based upon measurements of the loops of Henle are comphcated by the fact that even 
m adults the loops are of very different length (94) 

In some young animals the kidne}^ seem to be less well developed at buth than 
they are m man, for Riedel (100) found that m mice and m other animals which were 
bom bhnd new glomeruh continued to be formed for some time after birth Yoff^' 
(132) has studied the elimination of trypan blue by the cells m the proximal tubules 
of growing rats In newborn a nimals the nephrons m the peripheral piart of the 
cortex were stiU undeveloped and the cells took up no dye The proxunal tubules m 
the deepier layers of the kidney took up dye and the nearer they lay to the medulla 
the more actively they did so The abdity of the cells to excrete dye was accom 
pamed by the development of a brush border Some attempt should be made to 
correlate these histological findmgs with any changes m enzyme activity which are 
known to take place at about the same time The beanng of the histological data 
upon the function of urme formation, as revealed by studies of the whole animals, will 
be more difficult to mterpret 

Trueta el al (121) have recently made some mteresting discovenes about the 
renal circulation They have confirmed that m the neonatal child the cortex makes 
up a much smaller proportion of the kidney than it does m later life, and consequently 
that the medullary and juxtameduUary glomeruh must have a particular significance 
at that time They beheve that these glomeruh have a blood supply which differs 
m important respects from those m the cortex It is possible that the function of 
these inner nephrons differs from those lymg nearer the cortex of the kidney and that 
some thin g of this Lmd may underhe the functional differences between the kidneys 
of newborn and adult animals, but this is a matter of conjecture at present Trueta 
el al have also demonstrated the development m certam circumstances of large 
arteno-venous shunts which may exclude most of the cortex from active circulation 
These observations may go far towards explammg some of the functional abnor- 
mahties of the kidney with which physicians have been familiar for many years (20, 
74, 80, 81), but it IS difficult to see at present how their discovenes further the study 
of function m the newborn kidney Of more importance would seem to be the his- 
tological data about the state of the glomerular epithehum In adult life the glo 
merular tuft is covered with the thinnest of piavement epitheha so that there is a nuni- 
mum bamer to filtration In fetal life, however, the tuft is covered with a layer o 
tall columnar cells, which must be an effective bamer to ultrafiltration These c 
were descnbed and illustrated long ago by Klem el al (64), but they have been e- 
scnbed quite recently by Grunewald and Popper (43) At full term the cc are 
much less conspicuous and are cubical rather than columnar and may not comp e y 
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T he diverstty in the biological activities and effects of viruses is well known 
The range of pathological lesions and host-cell reactions extends from rapid 
and total necrosis of affected tissues to the stimulation to uncontrolled pro- 
liferation of parasitized cells m virus tumors (96) This versatihty of viruses as a 
group IS not cause for wonder, for variety in effects is characteristic of the action of 
other types of infectious agents Considermg their size, however, there might appear 
to be less basis for conceiving a comparable diversity m the physical, diemical and 
morphological attnbutes of the viral agents Indeed, from the beginnmg, there has 
been a tendency, still contmued, toward simplification of concepts of these characters 
as well as of the biological nature of viruses The increasmg accumulation of data m 
recent years, however, is rapidly dispelhng the illusions of simphaty imphed in 
theones of the emyimc, genic or molecular character of the agents As one virus 
after another has been exammed, there is added the evidence of further differences 
and complexity 

Smee X930, several viruses affectmg man, animals, plants and bacteria have been 
isolated and studied m purified preparations The plant viruses, the findmgs with 
which have been discussed on many occasions (126, 7, 129), consist of protem and 
ribopentose nucleic aad m varymg amounts, the latter constitutmg as much as 40 
per cent of the tobacco rmg spot virus (127) Only two shapes have been observed, 
those of the rod and the sphere, and some of the agents are of such uniformity m size 
and shape that crystals are readdy formed In contrast, the few human, animal and 
bacterial viruses studied are of greater complexity (121, 41, 9, 91, 10) m constitution 
than plant viruses and much more variable m external morphology In addition 
there is evident an mtemal structure which likewise differs from one agent to another 
It IS with the findmgs obtamed with the latter group of agents represented by the 
viruses of vaccmia, rabbit papillomatosis (119), equme encephalomyehtis (Eastern 
(140) and Western (77) strains), influenza (human types A (124) and B (33, 71,34) 
and the swme type (118, 120) ) and Newcastle disease (61, 27, 14) and with bacteri- 
ophages that the present papier is concerned 

coNSTixirriON 

From the begmmng the size range of viruses has been an obstacle not only to 
direct expienmentation but to thoughts of the piosable characters of these agents 
The status of viruses m this respiect has been, and still is m the mmds of some, no dif- 
ferent from that of organisms beyond or at the threshold of vision m earher times (93) 
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indicating the presence of more carbohydrate than that bound in nucleic aad Hoag- 
land and his associates (42-48) in studies of carefully purified vmis confirmed these 
findings quahtatively In contrast, howei'cr, the value representmg the carbohydrate 
content of thoroughly ivashed bodies (43) tvas reduced to 2 8 pier cent, and the amount 
of nucleic aad (42) was 5 6 per cent, apparently all of the desosypentose type 
IheTipid fraction, 5 7 per cent, was fractionated (43) into phosphohpid, neutral 
fat and cholesteroL I\Ti 3 e the former two were considered to be actual constituents 
of the virus, questions were raised regardmg cholesteroL This material could be 
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extracted with ether from lyophihzed bodies further dried over phosphorus pentoxide 
without loss of infectivit}'' Inasmuch as approximately 98 5 pier cent of the bodies 
■were alread3 mactiv e (10) due to the drjung treatment, the findmgs of the authors are 
inadmissable as evndence that cholesterol is not an mtegral constituent of vaccinia 
virus The phosphohpid was of the leothm typie containmg phosphorus and mtrogen 
mail ratio 

Further exa mina tion of the vaccinal elementarj bodies showed the presence of 
o 05 per cent coppier (46) which acted as the catal3^t m the oxidation of C}’5teme. 
Biotm (45) and flavm-ademn-dmucleotide (47) were present In the search for 
enzjune constituents, McFarlane and Salaman (70) demonstrated phosphatase and 
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It was bard to conceive of entities so small being able to contam the substances of 
Me Soon after tobacco mosaic varus was first filtered (51), Beijennck (17) referred 
to the infectious agent as a contagious flmd Many have regarded viruses as enzymes 
incapable of self-detenrunation and formed only by the activity of the stimulated 
host cell The experiments and arguments purporting to substanbate these views 
have been numerous even m recent years Northrop (85) regarded a bactenophage 
of a staphylococcus as an enzyme of sizes, determined by diffusion, varying from 10 
to 100 nyi Kahnanson and Bronfenbrenner (53) considered the Tj bactenophage of 
E coll to consist of protem assoaated with only traces of phosphorus and to be 
enzyme-like in nature Stanley (125), reporbng for the first time the chemical pun- 
ficabon of tobacco mosaic virus, called this agent a globuhn of the nature of an auto- 
catal3dic enz3me 

With the results of more direct examinabon, some of these findin gs have not been 
confirmed and some of the views have languished WycLoff (145) copld not demon- 
strate m the analybcal ultracentnfuge the vanabon m the size of phage parbcles 
predicted by Northrop, Bawden ei al (8) found nucleic aad m the tobacco mosaic 
virus, and Hook et al (49, 108) and Taylor (134) demonstrated the complexity m the 
consbtubon of the Tj bactenophage of E coh, corroborating Schlesmger’s (100-103) 
findmgs years before with a bactenophage of E coh 

The animal viruses exhibit consbtubons la rkin g m but few, though important, 
respects the chemical consbtubon of organisms, consisbng, m addition to protein 
and nucleic acid, of Iipid components and one, the influenza virus, carbohydrate m 
excess to that found m nuclei aad Differences m the proporbons of the components 
among the vanous agents are profound For example, the Tj bactenophage of E 
coh contams 45 per cent of nucleic aad and the influenza virus only about 2 per cent, 
and differences m proporbons are nearly equalled by differences m kmds of consUt- 
uents The compionent consbtubon of the animal viruses studied and that of the 
Tj bactenophage are summarized m table i 

The rabbit papilloma virus, the smallest animal agent thus far examined, appears 
to be the simplest m consbtubon (ii, 135) The mtrogen content, 15 pier cent, is 
mdicabve of a large proportion of protem, estimated on fracbonabon as 90 per cent 
of the whole complex Whether or not hpid is an mtegral consbtuent of the virus is 
subject to question, i 5 per cent has been the largest amount extracted from prepara- 
bons of the agent The nucleic aad, difficult (135) to free from the whole complex, 
is relabvely large m amount, about 8 7 per cent, and appears to consist wholly of the 
desoxypentose type 

Vaccmal elementary bodies, one of the largest and most mtensively studied am- 
mal viruses, differ m some respects but possibly not fundamentally from the papilloma 
virus The amount of protem, 89 per cent, is comparable to that in the papilloma 
virus, the remamder of the complex is almost equally divided between nucleic aa 
and hpid Many workers have contributed to the knowledge of the constitution 0 
vacanal elementary bodies Protein, hpid and carbodhydrate were demonstrate 
by Hughes, Parker and Rivers (50), phosphorus was determined and nucleic aa o 
the desoxypentose type was recognized by McFarlane and Macfarlane (74) who a 
obtained tests for glucosamme McFarlane e/ 0/ (75)found8percentcarbohy rate. 
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indicating the presence of more carbohydrate than that bound in nucleic aad Hoag- 
land and his associates (42-48) in studies of carefully purified virus confirmed these 
findings quahtabvely In contrast, however, the value representmg the carbohydrate 
content of thoroughly washed bodies (43) was reduced to 2 8 per cent, and the amount 
of nucleic aad (42) was 5 6 per cent, apparently all of the desosypentose type 
The'hpid fraction, 5 7 per cent, was fractionated (43) into phosphohpid, neutral 
fat and cholesterol. "Rfiiile the former two were considered to be actual constituents 
of the virus, questions were raised regardmg cholesterol This material could be 
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extracted with ether from lyophilized bodies further dried over phosphorus pentoxide 
without loss of mfectivity Inasmuch as approximately 98 5 per cent of the bodies 
were already inactive (10) due to the diymg treatment, the findmgs of the authors are 
inadmissable as evidence that cholesterol is not an mtegral constituent of vaccinia 
■virus The phosphohpid was of the leathm type contammg phosphorus and mtrogen 
mail ratio 

Further examination of the vaccmal elementary bodies showed the presence of 
o 05 per cent copper (46) which acted as the catalyst m the oxidation of cysteme 
Biotm (45) and fiavm-ademn-dmucleotide (47) were present In the search for 
enzyme constituents, McFarlane and Salaman (70) demonstrated phosphatase and 
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catalase, and in addition to these, Hoagland el al (43) found hpase The latter 
authors also found that the 3 enzymes could be adsorbed in large amounts on the 
bodies, and, consequently, the place of these enzymes in the constitution of the virus 
was eqmvocal 

The two strains. Eastern and Western, of equine encephelomyehtis virus exhibit 
unusual and extreme properties (136, 134) Protem and hpid are approxrmately 
equally divided, and the nucleic aad, only 4 4 per cent, is entirely of the nbojientose 
type m contrast to the desoxypentose type of the vaccmia and jiapdloma agents 
The hpid component consists chiefly of phosphohpid, 35 per cent, of the diamino- 
monophosphatide type Both, cholesterol and neutral fat were found There were 
no constitutional characters differentiating the two strains 

Among the animal viruses thus far studied, the agent of equme encephelomyehtis 
IS iimque m its content of only nbojientose nucleic aad Both desoxypentose and 
nbopentose types have been repwited to contribute to the structure of the influenza 
viruses and to that of the Tj bactenophage of E coh All of the plant viruses ex- 
amined thus far contain only nbopentose nucleic aad 

The influenza viruses A and B have been studied by several mvestigators (i 37 i 
133 ) 13O) 13I) 55 ) 56) 58) with closely similar results In constitution the swme 
influenza virus (139) does not differ greatly from the two types affectmg man The 
three types of influenza viruses contam about 25 per cent hpid, relatively very small 
amounts of nucleic aad and carbohydrate m excess of that found m the nucleic aad 
Difficulties have been expenenced m the analysis of the small amount of the 
nucleic aad component In the earher studies (137, 116, 139, 133), only the desoxy- 
pentose type was reported, later, Knight (55, 56, 58), takmg exception to Taybr’s 
(133) methods, reported positive tests for the other type, nbopentose, of nucleic aad. 
While the desoxypentose type is undemably there, further confirmation is needed m 
the case of the nbopentose tyjie 

Though discrepanaes were apparent m the amounts of carbohydrate reported 
by Taylor (133) and Kmght (58), the findings uniformly revealed the presence of far 
more than could have been bound m the mmute quantities of nucleic aad With 
the carbazole method, Taylor (133) demonstrated mannose or glucose-galactose or 
both m complex form These findmgs were corroborated by Kmght (58) who also 
identified glucosamme Kmght (59) has recently studied the ammo aad composition 
of influenza viruses A and B, reporting differences between the two agents beheved 
to be significant On the basis of the results of preapitin studies, Kmght has sug’ 
gested (57) that influenza virus may contam components antigemcally identical with 
normal components from chono-allantoic flmd or mouse lung, dependmg on the host 
Schlesmger (101-103) was the first mvestigator to concentrate and purify a virus 
for chemical analysis The agent was a bactenophage of E coh which he found to 
contam protem and fat Phosphorus was also found m a large amount m the imtim 
studies but related only later to the presence of nucleic aad Northrop (85) found 
a high content of phosphorus m his bactenophage of the staphylococcus, but Km- 
manson and Bronfenbrenner (53) could demonstrate only traces of the element m the 
Tj bactenophage of E coh concentrated by ultrafiltiation 1 / ■> f 

The Tj bactenophage (25) of E coh, like the animal viruses, consists (134) 0 
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protein, nucleic aad and bpid, and the amount of carbohydrate present is compatible 
with the quantity of nucleic aad One major difference from the animal viruses is 
the amount of nudac aad, about 45 per cent Both desoxypentose and nbopentose 
types have been reported, the former greatly m preponderance, but Cohen and Ander- 
son (23) have demed the presence of the nbopentose type To some extent, possibly, 
the differences may have been related to differences m techmques By the method 
of Schroidt and Thannhauser (104), Taylor (134) foimd 40 3 per cent desoxypentose 
nucleic aad and 6 6 per cent of the nbopentose type m the phage cultivated on the 
host grown m broth medium Only i 5 per cent of the latter and 44 6 of the former 
were found m the phage obtamed from lysates of the host grown m synthetic medium. 
The tryptophane method of Cohen (22) did not give a positive test for nbopentose 
A fundamental difference between this bactenophage and the animal viruses is 
m the quahtative content of hpid IVhereas phosphohpid, cholesterol and neutral fat 
are found associated with all of the animal viruses except the agent of rabbit papil- 
lomatosis, which has not been exammed m this respiect, the bactenophage cont ains 
only neutral fat, neither cholesterol nor phosphohpid bemg present The total 
amount of hpid is small, only about 2 per cent 

Experiments with bactenophage afford smgular opportumbes for the study of the 
relation of virus constitution to that of the host. In rmaochemical analyses simil ar 
to those made on the bactenophage, fractionations (134) were earned out on the host 
cell, E cob, cultured m broth medium and sjmthetic medium Though m certam 
respects the structure of the parasite resembles that of the host, m others there are 
stnkmg differences While both consist of protem, nucleic aad and hpid, the hpid 
differed vastly from that of the virus, consistmg wholly of phosphohpid of which the 
virus contamed none Neither cholesterol nor neutral fat, the latter compnsmg the 
hpid of the virus, could be demonstrated Both types of nuclac aad were found but 
the proportions were the reverse of those in the virus, nbopentose nuclac aad bemg 
present m the larger amounts m the bactenum. These findin gs constitute evidence 
of physiological mdependence on the part of the bactenophage m the processes of 
reproduction, for the bactenum is able to synthesize phosphohpid, none of which is 
found m the phage and is ather unable to or does not form neutral fat which is a con- 
stituent of the bactenophage 

Concentrates of the virus of Newcastle disease reveal (24) a constitution not 
greatly different from that of the influenza viruses While the results obtamed thus 
far have been with obviously impure material, no unusual characters of virus con- 
stitution were noted. 


ilORPHOlOGY 

Some of the viruses are of a size withm the himts of visualization with the hght 
microscope For many years before viruses were separated mto a special category, 
specific structures, the mdusion bodies, had been seen m the cells of certam diseased 
bssjies Later, much smaller coccoid bodies were observed m some instances Borrel 
(18) m 1904 discovered m fowl pox lesions the barely visible bodies which Woodruff 
and Goodpasture (142, 143) subsequently found were contamed withm the mclusion 
or Bolhnger bodies These woiLers provided endence of the identity of the Borrel 
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bodies with the virus of fowl pox. Similar entities found in tissues affected \Mth 
other diseases — vaccinia, moUuscum contagiosum and psittacosis — have been con- 
sidered to be the respective viruses and regarded as microorganisms 

Though much was learned by these methods, the vanous elementary bodies were 
just visible m the hght tmcroscope, and the data were extended but httle by use of the 
ultraviolet hght microscope The enormously greater magnifications of the electron 
imcroscope, affordmg a useful range up to nearly roo,o6o diameters, mcludmg photo- 
graphic enlargement, have revealed shapie, size and mtemal virus structure De- 
pendent on differential absorption of electrons by the vanous portions of the sub 
stance of the virus, electron micrography leaves much to be desired with respect to 
contrast at the ppnphery of the particle and mtemal regions of segregated matenal 
Thus far no way has been found to mcrease differentiation by staming, though calaum 
chlonde (rrr, 137) is useful m mcreasmg contrast at the surface Of extreme value 
has been the shadow technique (83) apphed to the study of viruses (141, 148) The 
three dimensional effect thus given affords a good idea of the shape of the vims 

Some viruses are essentially spherical This is particularly true of certam plant 
viruses, those of bushy stunt of tomato (92) and bean mosaic disease (92, 147) 
These agents appear extraordmanly uniform m shape and size, properties assoaated 
with their capaaty to form crystals 

Among the animal viruses, the agents of rabbit papillomatosis (109, 113) and 
equme encephalomyehtis (rrr) appear to be sphencal or nearly so Images of these 
two agents are circular m conventional electron micrographs and seem highly uniform 
m shape and size However, the boundaries of the images are mdistmct and small 
vanations m size could not be detenmned if they existed In shadowed preparations 
of the papilloma virus, the shadows cast are not as long as those expected of spheres 
The shadows cast by the bushy stunt virus (92) mdicate a more nearly sphencal 
shape, a possible mdication that either the plant vims is more nearly sphencal under 
natural conditions or the changes occumng dunng drymg differ with the two agents 
Shadowed preparations of the equme encephelomyelitis vims have not been obtained 

The influenza vmises, A (137, 26), B (ir6) and the smne agent (139), differ 
greatly from the papilloma and equine encephalomyehtis vimses The three types 
of influenza vims, indistinguishable in electron micrographs, are neither spherical nor 
uniform m size In conventional micrographs the images vary in shape from arcular 
to oval and elliptical Many seem bean-shaped The evidence of considerable 
variation m size is corroborated by the diffuse sedimentation boundaries in the ana- 
lytical ultracentnfuge Shadowed preparations show forms varymg as the images 
m conventional rmcrographs Some flattemng of the vims was evident Mosley 
and Wyckoff (82) repiorted filamentous forms, but there is no evidence that they are 
sigmficantly related to the vims 

A still greater departure from the sphencal shape is seen with vacania \Tms 
Conventional micrographs (39, 113) show rectangular images of fairly umform 
but of definite vanation in length Green, Anderson, and Smadel (39) constm 

their pictures as mdicating a bnck shape There is reason, however, to consider e 

particles as short rods wnth rounded ends In some micrographs there occur 
images of a diameter equal to that of the width of the rectangular images Such 
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images are of high contrast and may indicate particles standing on end Micro- 
graphs of shadowed preparations (113) show agam rectangular or biscuit-shaped 
images The relatively short shadows seen indicate a marked fiattemng of the bodies, 
due, certamly m large part, to much shnnkage on drjong The superior surface of 
the shadowed particles is not smooth Instead, there are rounded, mound-like ele- 
vations which look like protrusions of mtemal structure elevatmg the surface Sub- 
stantiating the evidence of rod-forms seen m conventional micrographs, are round 
images with relatively very long shadows, mdications of bodies standmg on end In 
some conventional micrographs, there are seen outlme or ‘ghost’ forms (39) which can 
be produced by treatment mth alkah These forms look hke the empty shells of the 
bodies from which the mtemal contents have escaped 

The elementary bodies of fowl pos (40, ig), canary pov (99, 40), moUuscum 
contagiQsum (99, ig), ectromeha (99, 19) and myxoma (19) appear m electron micro- 
graphs to be forms resembhng those of vaccinia virus Shadowed preparations of 
fowl pox virus showed the unevenness of surface contour hke that seen with vaccinal 
elementary bodies (113) 

Some of the bactenophages are tadpole-shaped (98, 68, 69, 113, 49) To one end 
there is attached broadly a tail structure which, m the Tj bactenophage of E coll 
(49)1 termmates m a brush- or disc-hke expansion. In most cases the tail has the 
appearance of ngidity, lymg m a Ime straight with the long axis of the head In 
preparations which have been sedimented repeatedly, some of the tads he at a sharp 
angle with the head, and many tads are separated from the heads A most mterestmg 
phenomenon is the occurrence of ghost forms with the outhne of the whole particles 
but without evidence of the high electron-absorbmg material of the head Such 
forms can be produced (4) m large numbers by some nbration and are probably 
analogous to the ghosts seen m preparations of vaccmia virus treated with alkah 
These findmgs provide evidence of a hmitmg structure contaimng the mtemal sub- 
stance of the phage 

In shadowed preparations, the headpiece appears to be a short rod with comcal 
ends and there is evidence of flattenmg possibly occurrmg durmg preparation of the 
mount. An mterestmg appearance is seen (49) m some shadow micrographs of 
particles washed with distilled water and hghtly coated with metal The images 
under these conditions reveal a roughened, hourglass surface contour caused, evi- 
dently, by protrusion mto the surface of the double mtemal stmeture desenbed 
above Other bactenophages appear to be essentially sphencal, as judged (98, 68) 
from the circular images m conventional electron micrographs Such forms do not 
show the presence of tails 

At the extreme of forms removed from the sphere is the shape of the vims of 
Newcastle disease (24, 5) This agent is a relative^ very long — about 700 nm — 
slender, sperm-shaped entity The head, about one fifth the length of the whole is 
narrow, oblong or nearly eUipitcal, and one end is contmuous m a slender, frequently 
cun ed tad which tapers sharply at the distal end The mnous curves of the tail- 
piece gi\ e the impression that it might be motile In some micrographs, confusmg 
forms are evident There are rmg shapies, shapes open m the center and great balloon 
forms of low contrast These bizarre shapes are seen espeaally under condibons 
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which might result m damage to the particles, such as that caused by repeated cen- 
trifugation or suspension m distilled water The tails are frequently tom from the 
heads, leavmg a frayed region or only a very short remnant of the tail at one end of 
the head The rmg and doughnut forms have been construed as tails curved upon 
themselves and the balloon shapes as heads which have taken up water and become 
swollen Such swollen forms of low contrast have been seen frequently m influenza 
VITUS preparations m distilled water Pleomorphism of the Newcastle disease virus 
has been suggested (5), but too httle is known to subscnbe to this concept 

INTERNAL STRUCTURES 

Some of the viruses are very difficult to picture m electron micrographs because 
of the low electron-absorbing power of their constituents For this reason, though 
internal structure is visible m all of the agents causmg disease m animals, clarity has 
not been obtamed The use of calaum chlonde m dilute solutions is valuable m 
enhancmg the contrast of the external particle outhne m some instances, but mtemal 
stracture is proportionately obscured All save external contours is obscured in 
shadowed preparations 

In images of the papdlomi virus (109), there is present a smgle, circular region 
of contrast higher than that of the remamder of the particle The boundary of the 
region is not well limited but fades mto the surroundmg substance of the particle 
The papilloma virus image has the appearance of a cell with nucleus and cytoplasm 
somewhat resembhng a small lymphocyte Smular mtemal structures are present 
(i 1 1) m the images of freshly prepared equme encephalomyelitis vmis In images of 
particles that have stood in Rmger solution for several days, the mtemal structure 
shows up better, here, the substance may be well ou timed, circular or oblong, and two 
regions of segregation may be seen Thus, under these circumstances, mtemal 
stmcture is not only present but may be vaned m shape, size and number of regions 
m a smgle particle Vaccima vims reveals (39, 1 13) the presence of one to five regions 
of high contrast These are round m conventional micrographs, are scattered through 
the particle and constitute a relatively small part of the substance of the particle 
The mound-hke protmsions m the surface seen m shadowed preparations may well 
represent these stmctures which may shrink less on drymg than the remainmg sub- 
stance of the particle 

The mtemal stmcture of the influenza viruses (137, 116, 139, 26) appears to be 
a single stmcture of mdefimte outhnes, more often than not, eccentrically placed 
In the bean-shaped particle, the mtemal matenal hes near the hilum 

Some of the bacteriophages (98, 68, 69, 113, 49), notably Tj of E cob, show un- 
usually clearly the presence of stmcture withm the headpiece This matenal, 
absorbmg electrons with high degree, is bow-tie or dumbbell shaped and occupies a 
large part of the head, there bemg but httle surroundmg substance It was noted 
above (49) that the surface of phage particles coated with metal under certam condi- 
tions IS roughened, givmg evidence of the internal stmctures protmdmg, mound-likc, 
mto the surface contour 

The particles of Newcastle disease vims contam (24) m the headpiece mtcrm 
stmcture of vanable characters In some the matenal seems smgle, m others double 
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With considerable space between masses These masses, or portions of them, appear 
to reach in some instances mto the proximal region of the tailpiece 

Though the findin gs of virus morphology are fragmentarj’’, it is obvious that the 
particles have the appearance of organisms It is supposed that the high electron 
absorbmg material contains the nucleic aad present, for nuclac aad carries the atoms 
of the highest atomic numbers such as phosphorus The mtemal materials look hke 
cell nuclei surrounded by protoplasm. In vaccinia virus, which contains a small 
amount of nucleic aad, the mtemal structure is small m comparison with the rest of 
the particle The opposite is true for the T* bactenophage, for the particle is nearly 
full of the inner material 


tJLTRACENTEIFIIGAL CHAEACTEES 

Those properties of particles determining their rate and manner of sedimentation 
are size, shape and density Knowledge of the size or density, provided the shape is 
not too complex, permits calculation of the other from the sedimentation constant 
The sedimentation constant, corrected for the viscosity, temperature and other factors 
concerned with the suspending medium, is characteristic of the particles examined 
Sedimentation diagrams provide a basis for judgmg the uniformity of particle char- 
acters and certam aspects of the punty of the preparations In the penod of a few 
years before the mtroduction of the electron microscope, most of the judgment of the 
physical characters of viruses m this respect was, and frequently still is, gii en a sig- 
nificance far beyond the limits of justification. Conservatively mterpreted, however, 
sedimentation diagrams provide relatively accurate estimates of many properties of 
viruses 

If all of the particles of a given preparation are of exactly the same size, shape 
and density, all will sediment at the same rate, and the descendmg boundary will be 
I’ery sharp and clear Variation m these characters will lead to proportionate dif- 
fuseness of the boundary Two or more different groups of particles m the same 
preparation, if dose enough m sedimentation properties, will gi% e rise to two or more 
boundanes It should be noted at the outset that the characters of the sedimentation 
diagram have no significance whatever with respect to the ultimate nature of the 
sedimentmg parbdes 

Sharp sedimentmg boundanes are seen with several of the animal viruses The 
bactenophage Ti of E coh gives an exceedingly sharp boundary (49, ro8), mdicatmg 
a high degree of uniformity m the size, shape and density of the particles A bac- 
tenophage of staphylococcus concentrated by Northrop (85) and exa min ed by Wyck- 

(14s) likewise showed very sharp boundanes With some preparations, shghtly 
less sharp boundanes are seen with the papilloma (13, ii, 84) and both Eastern and 
Western strains of equine encephalomyehtis viruses (r 11) In both instances, though 
relatively high degrees of piartide uniformity are evident, there is shght difihiseness 

Vaccinia (12, 3, 89) and influenza viruses (35, 36, 114, 65) gi%'e diffuse boundanes 
indicating a lack of umfonmty of sedimentation characters It is likely that the 
diffuseness observed is due mainly to differences m jiartide size, smce variations m 
this character of both viruses are seen m electron nucrographs In the instance of 
the influenza viruses, the spread of sedimentmg boundanes obtamed (114) with the 
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Lamm scale method is closely similar to the spread m size measured m electron micro- 
graphs The whole significance of the very diffuse boundary given by the Newcastle 
disease virus (24) carmot be judged smce it was known that preparations of the agent 
were not pure In aU mstances there apjjears to be a close correlation between sharp- 
ness or diffuseness of sedimentmg boundaries and the uniformity, or lack of itj m the 
sizes of virus particles observed m electron micrographs 

The sedimentation constants of the animal viruses are given m table 2 There 
IS seen a vanation from S = 265 X 10“*’ for the equme encephalomyehtis virus (iri) 
to S = 4910 X io~^’ for the vacama virus (89) The sedimentation constant for a 
given preparation of a virus is reproduable (66) with high accuracy even m different 
laboratones Nevertheless, different prepiarations of an mdividual agent may yield 
values of rather wide variation For the papilloma virus variations (84) havn been 
seen between the limits of about S = 265 to S = 290 X io~’* It seems evident that 
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differences of this magmtude are not due to experimental error and that, while the 
particles of one preparation may be highly uniform, vanation must occur either m the 
sizes or the densities of particles from different sources Like differences have been 
observed (12, 3, 89) with other viruses such as vaccmal elementary bodies of different 
strams and preparations 

A most mterestmg behavior of the T2 bactenophage of E coh is the occurrence 
(108) of two separate boundanes depiending on the conditions of the expenmcnt 
This virus suspended m sahne media of pn above 5 8 gives a very sharp boundary of 
S = about 700 X io““ In media of pH below 5 8, there is seen a similarly sharp 
boundary of S = about rooo X ro““ With proper balance of pH near 5 8, both 
boundanes may be seen at the same time Both boundanes are assoaated with ful 
phage actmty, and the transition from the one state to the other occurs without 
change m infectious capaaty The boundary of S = about rooo X 10 occumng 
in the aad range, can be produced in the alkahne region by the presence of ca aum 
These phenomena have been interpreted {108) as related to the state of aggregaUon 
or dispersion of particles of the tadpole shape 
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DENSITY 

The density of virus particles as they exist m aqueous media under natural con- 
ditions has been a most difBcult property to investigate Theoretically, one of the 
simplest methods would be the study of change m sedimentation rate with change m 
density of the suspendmg medium A number of such studies has been made from 
tune to tune with both bacteria (97) and viruses — bactenophage (100, 30, 76), vac- 
cinia (15, 16, 31, 122, 75), influenza \nrus A (31, 67) and the swme influenza virus 
(115) — ^but the results have been difficult or impossible to mterpreh In all of the 
earher studies, materials such as sodium chlonde and sucrose vere employed for 
attazmng the desired changes m the density of the suspendmg media Under these 
conditions, the density of the virus mcreased {122, 67, 115) with mcrease m the con- 
centration of the solute Such a behavior was considered to be due, possibly, to 
osmotic effects and loss of water from the particles A material offermg possi- 
bdibes for orcumventmg such an effect is bovine serum albumin, which has a molec- 
ular weight presumably m the region of 70,000 and, consequently, a negligible osmotic 
pressure m the range of concentrations desirable for the experiments 

Studies with the three types of the influenza viruses and on the papdloma virus 
have revealed hnear relationships between the sedimentation rate and the density of 
the suspendmg medium There was thus no evidence of change m density of these 
viruses due to the effect of bovme serum albumin The values obtained m this way, 
table 2, were r 104, 1 104, and i 100 for the influenza viruses A and B and the swme 
virus (iis), respectively, and 1 133 for the papilloma virus (112) These lalues are 
much lower than those for vaccima, 1 16 (122), and influenza virus A, i 148, obtamed 
with sucrose The value 1 148 was derived (.115) mathematically from the curve of 
Lauffer and Stanley (67) from which they inferred the value r r It is notable that 
the density range mvolved m the second and third decimal places, that is, from i 100 
to 1 199, represents a range of approximately 100 per cent m the sedimentmg propi- 
erties of the virus based on density From these experiments it is evident that values 

obtamed by materials such as sucrose are of use only m the estimation of possible 
upper Imuts Bovme serum albumm is, unfortunately, unsuitable for density work 
with some viruses, neither the bactenophage Tj (106) nor the tobacco mosaic virus 
(64) remam m suspension m solutions of the material m the densitj^ range required 
Vaccmia virus suspended in concentrated sucrose solutions increases m density 
for a time and then, on contmued exposure to the solution, decreases in density (122) 
A similar behanor has been observed for the influenza virus A (115) This property 
suggests that these agents are hmited by a semipermeable structure or membrane 
In the instance of vacama virus there is evidence of such a structure m electron nucro- 
giaphs, and it will be recalled that the headpiece of the T2 bactenophage is em elopied 
m a structure from which the contents of the head may spill to leave ghost forms 
The partial specific volumes detenmned m the pycnometnc studies of the animal 
viruses thus far investigated, given in table 2, vzxy from o 669 for the papilloma virus 
to o 863 for influenza virus B With these values and a know ledge of the density of 
the particles in aqueous suspension, the water contents, table 2, for the papilloma 
(112) and influenza viruses A and B and the swme influenza varus (115) are 58 and 
52 o, 34 5 and 43 3 per cent, respectiv ety, by volume Lauffer and Stanley (67) 
assumed a water content of 60 per cent for influenza varus A 
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SIZES 

The general sue range of viruses is now well known The ultrafiltration studies 
by means of graded collodion membranes (29) have given close apprommations with 
viruses which are spherical or nearly so Serious errors are encountered, as for 
example with the Newcastle disease virus, where the particles are long In this case, 
though, the values 80 to 120 mu (21) were close to the widths of the heads of the 
sperm-shaped particles observed (24) m electron micrographs of this virus A dis- 
cussion of sues and methods of study was given by Markham, Smith and Lea m 1942 

(72) The more recent values ob tamed from ultracentnfugal and electron micro- 
graphic measurements are m fanly close agreement from one laboratoiy to another 
While such values are undoubtedly not prease, they represent approximations close 
enough for practical uses In most of the mstances, the values can represent only an 
average for the particles of those viruses which vary m sue 

The sues of the viruses under discussion here are given m table 2 Average 
values obtained from electron rmcrographs have been reported for the viruses of mol- 
luscum contagiosum, 255 X 178 mit (99) and 302 X 266 m/i (19), fowl pox, 332 X 
264 mu (99) , myxoma of rabbits, 287 X 233 mu (99) , canary pox, 311 X 263 m/i (99), 
and ectromeha, 232 X 172 mu (99) and 300 X 210 m^ (19) 

ELECTROPHORESIS 

Another cntenon of virus character and behavior is the manner of migration of 
the particles m an electrical field Electrophoresis experiments (i) m the earlier 
work with vanous types of instruments gave httle quantitative information, m part, 
because extraneous material m the preparations far outweighed the amount of virus 
Significant experiments with some viruses became possible with devebpment of f^ie 
Tiseleus apparatus and access to purified preparations Not all viruses are adaptable 
to the conditions of study with the instrument because of mstabihty, turbidity of the 
preparation or other reasons There has been some mterest m possibihbes of virus 
purification by the method but httle has been done m this respect 

Several mvestigators have worked with vaccmal elementary bodies McFarlane 

(73) observed boundaries which were not sharp and which exhibited a streammg effect 

that was thought to be due to endosmosis Other workers (117, 123), however, 
demonstrated that the phenomenon was due to density of gradient effect that de- 
creased when the virus concentration w'as raised to o 5 per cent and disappeared when 
serum protem was present Under these condibons sharp boundaries were obtained 
With the Northrop-Kumtz (86) microcataphoresis method, the isoelectric point 
appeared (12) to be m the region of pH 4 36 to 4 6 At pH 7 9 the mobility in the 
Tisehus electrophoresis apparatus was about 10 X io“* cm/sec per volt/cm The 
virus is inactivated relatively rapidly below' pH 5 5, which is still well above the iso- 
electric point u* 

The clearest and sharpest boundanes for an animal agent were those obtainen 

(no, 107) with the virus of rabbit papillomatosis The virus is stable both above an 

below the isoelectric point, which was observed (13) to be about pH s o m micro- 
cataphoresis experiments In the pH regions adjacent to 5 o the virus agglutma 
but studies could be made on active virus at pH 3 77 to 4 o and 6 S4 to 7 77 ^ “ 
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aad region there was rapid cathodic mo\ ement of an exceedingly sharp single bound- 
aiy Seemingly more diffuse boundanes mo^ ed much more slow ly tois-ard the anode 
m the alkahne region. Analysis of the Svensson cun^es in this region, however, 
showed that the heterogeneity values (107), H, w ere similar m the two regions The 
findmgs were considered to mdicate a high electrophoretic homogeneity of the virus 
in the aad region and but httle less homogeneity m the alkahne range The mobil- 
ity was from 3 85 X io~® cm/sec per volt/cm at pH 3 78 to — r 03 X io~* cm/sec 
per volt/cm at pH 7 77, and the piomts were compatible with a smooth curve mclud- 
ing the isoelectnc pomt at pH 5 o 

Sharp single boundanes are obtamed with influenza ^^^us A after special efforts 
at purification (79) Otherwise, a second boundary related to contammatmg ex- 
traneous particles presumably denved from chono-allantoic fluid is seen The 
isoelectnc pomt, m microcataphoresis experiments, was at pH 5 o In the alkahne 
region, where the virus was stable with respect to infectivity, the mobflities were from 
— o 67 to — o 66 X ro”* cm/sec. per volt/cm between pH 9 3 to 7 4 At pH 3 o and 

2 8, the virus, which must have been inactive, gave mobflities of o 87 and o 97 X 10“* 
cm/sec per volt/cm All of the pomts, nevertheless, fell on a smooth curve drawn 
through the isoelectnc pomt. Influenza virus obtamed (56) from mouse lung ex- 
hibited a more vanable behavior 

STABILm. 

A relatively unmvestigated field is that related to the stabihty of animal \’iruses 
under vanous physical and chemical conditions This property has been most 
studied m relation to the effects of hydrogen ion concentration, prmapally m order to 
know how to protect and preserve the agents durmg and after the purification pro- 
cedures The results of such studies have been reported for \’accmal elementary 
bodies (12), the papflioma (13), equme encephelomjehtis (32, 138) and influenza 
viruses (78, 79) and the Tj bactenophage (108) of E cob In general the animal 
viruses are unstable below about pH 5 5 to 6 o and abore pH 9 5 The papilloma mms 
IS a notable exception for, hke some of tbe plant viruses, it is stable below the iso- 
electnc pomt Indeed, the greatest stabihty is seen m the aad region from about pH 

3 S to neutrahty It is a general findmg that particle mtegnty enjoys a wider range 
of stabihty than the quahty of infectivity 

A field but httle studied yet is concerned with the effects of salts, both of kind 
and concentration, on animal nrus stabihty The papilloma virus agglutinates at 
salt concentrations much below o 05 M but disperses readily and is stable m 2 per 
cent NaCl solution I^accinal elementary bodies agglutinate (87, 12) and are 
damaged (12) mop per cent NaCl solution and m distilled water Buffers — phos- 
phate, atrate (87) and others (12) — of o 005 M concentration appear optimum 
Equine encephalomj'ehtis virus is more stable (136) m Rmger solution than m NaCl 
Solution (144) and, perhaps, more so m the presence of cj'steme (6) The virus 
agglutinates m distilled water The mfluenza nruses are stable m Rmger solution 
(^37. t39) itb) or o 1 M phosphate buffer (54) Damage occurs in phosphate buffer 
of I o M or o oor "M concentration or m distilled water, m which the virus is not 
dispersed (133) A rather detailed study (60) showed that this virus was not 
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damaged by several reducmg agents, except ascorbic aad, was inactivated qmclJy by 
pbenol, o 5 N, and was weakly affected by sulfa thiazole sodium 

COMMENT 

There have been many discussions (2, 38, 52, 37, 93, 94, 7, 128, 80, 146) in recent 
years concerned with the nature of ^^ruses, most of which were written before much 
progress had been made m the study of the animal agents None of the present day 
views IS new in prmaple though some variation has occurred m the details These 
concepts, famihar to all who have followed the hterature descnbmg the physico- 
chemical studies on plant viruses, have been reviewed m detail by Rivers (94) and 
were discussed critically by Bawden (7) In bnef, there are those who beheve that 
viruses are molecular entities and others who consider them as organisms Recently 
Burnet (20) has discussed the biological reasons for regarchng viruses as organisms 
Stanley has been the outstandmg proponent of the molecular theory Precisely 
what the term molecule is mtended to mean, aside from the strictly chemical unph- 
cations, IS difficult (94) to judge from Stanle3ds discussions From time to tmie there 
have been reiterated (128) the views of many wnters extendmg through the gamut of 
autocatalylic enzymes and molecnilar nudeoprotems to comparisons of viruses with 
genes Regardless of what has been meant, many have inferred that the molecular 
view has been synonymous nith the concept that viruses may be manimate ‘chemical 
agents’ (95) though some authors have spoken chrectly of ‘livihg molecules’ (62) 
Behef that some of the plant viruses are molecular is based on mterpretations 
(62, 63) with respect to homogeneity judged on a number of cntena, uniformity of 
chemical findings, sharp sedimentation boundaries, sharp electrophoretic boundanes 
and the capacity to form crystals It is very clear that, although high degrees of 
uniformity are evident withm the limits of the methods employed, the cntena are not 
of suffiaent precision to permit the condusions drawn There is no doubt that many 
of the smallest viruses must be of relative quantitative sunphcity m structure because 
of the limitations of size, but that any virus consists of a smgle comjxiund “made up 
of the same number of atoms arranged m the same way’’ (62) not only has not been 
estabhshed but is incompatible with the known vanabihty and adaptabdity of viruses 
with changmg conditions (20) Of course, homogeneity is not an essential cntenon of 
molecular structure, but it is the basis which has been employed for judging the plant 
viruses to be molecules It is obvious, however, that on the basis of homogeneity, 
the animal viruses are not molecular If a molecule is just any umt speafically organ- 

ized to perform a given function or which constitutes a stable aggregate (88), then 
viruses, as uell as bacteria and all cells, might be so designated 

Actually, whether some of the smallest viruses may approach molecular pro- 
portions IS not of fundamental importance with respect to the prmapal questions of 
the biological nature of these agents — whether they are to be classed as a spccia 
category of living organisms, their modes or reproduction and the relations of their 
physiological activities to those of the host cell If the term molecule is not meant to 
imply an inanimate nature of viruses, the concept immediately loses significance an 
meaning with respect to the place of ^^ruses m the biological scale 

It w ould seem that the findings with the ammal viruses and the bactenop age 
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should give little reason for confusion The data obtained present a senes or system 
contmuous with the findmgs of other known entities, organisms and cells The size 
range of anunal viruses studied m some detail extends from about 250 mfi — vaccmal 
elementary bodies — to about 60 mfi — the papilloma and equine encephelomyehtis 
viruses Between these limits of size there is no evidence of a break or gap m funda- 
mental constitution, and m no instance, except for the size of the agents' and the 
physical behavior of particles of this size, have the data diverged from the pattern of 
the quahtative character of organisms and cells A specific comparison is that 
between the Tj bactenophage and its own host, E coh In this particular case 
quahtative component differences between the virus and the host cell mdicate 
autonomy of the former m the process of reproduction The nucleic aad content of 
the animal viruses vanes from 8 7 per cent m the papdloma virus to about 2 per cent 
m the influenza viruses In certam streptococci (105) the amount of nucleic aad is 
m the range of about 20 per cent, a value similar to that for E coh The content, 
about 45 per cent, of nucleic aad m the Tj bactenophage is considerably higher than 
that of its host and of these streptococa but is comparable with the amount m sperm 
and thymus gland cells (8r, 80) It is possible that bactenophages m general may be 
characterized by high contents of nuclac aad smce the agents of this group from 
several sources contam large amounts of phosphorus It is apparent that the 
physico-chemical findings with these viruses have closed no gaps between the animate 
and the inanimate, instead a known field has been broadened, and the problem of the 
biological nature of mfectious agents of this size remains as great as ever 

The results of the analyses present no evidence confinmng the behef that viruses 
niay represent or be similar to ‘genes’ (28, 2) On the contrary the proportions of 
nucleic aad, and consequently ‘gemc’ material, m the animal viruses are m general 
smaller and m no instance greater than those of organisms or cells (80) The mtemal 
structure, presumably representmg condensations of nucleoprotem and a nuclear 
apparatus, is small in compianson mth the whole particle, and there are clear regions 
correspondmg to the cytoplasmic structures of organisms and cells In the bacteno- 
phage, which contains much nucleic and, the mtemal matenal occupies a large part 
of the particle Evidence of some sort of Imutmg penpheral structure having the 
appearance of a wall and the behavior of a sermpermeable membrane m some 
instances is reason to doubt ‘nakedness’ of the particles Rather than such a concept, 
It appears likely that viruses contam a proportionate amount of deterrmnati've 
niatenal set aside withm the virus cell m a umt not differmg fundamentally from the 
analogous umts of other organisms 

The group of animal and bacterial viruses thus far studied, though small m 
number, exhibits a diversity m chemical constitution which may well approach the 
limits to be expected for all of the agents of these two groups There is the possibdity 
that some of the agents of animal and bacterial disease, like the plant viruses, will be 
devoid of hpid In neither the Tj bactenophage nor the papilloma virus is fat a large 
compionent, but if the fat is regarded as a vital part of these two viruses, all of the 
agents studied m both groups are complexes consistmg of protem m assoaation with 
nucleic aad and hpid and, m one instance, with carbohydrate m excess of the amount 
bound in nucleic aad Reference to these agents as nucleoprotems, as frequently 
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damaged by several reducmg agents, except ascorbic aad, was inactivated quickly by 
phenol, o s N, and was weakly affected by sulfathiazole sodium 

COMMENT 

There have been many discussions (2, 38, 52, 37, 93, 94, 7, 128, 80, 146) m recent 
years concerned with the nature of viruses, most of which were wntten before much 
progress had been made m the study of the animal agents None of the present day 
views IS new in pnnaple though some vanation has occurred in the details These 
concepts, farruliar to all who have followed the hterature descnbmg the ph3Sico- 
chemical studies on plant viruses, have been reviewed m detail by Rivers (94) and 
were discussed qntically by Bawden (7) In brief, there are those who beheve that 
Anruses are molecular entities and others who consider them as organisms Recently 
Burnet (20) has discussed the biological reasons for regarding viruses as organisms 
Stanley has been the outstanding proponent of the molecular theory Precisely 
what the term molecule is mtended to mean, aside from the strictly chenucal imph- 
cations, IS difficult (94) to judge from Stanley’s discussions From time to tune there 
have been reiterated (128) the views of many waters extending through the gamut of 
autocatalytic enzymes and molecular nucleoproteins to compansons of vnuses with 
genes Regardless of what has been meant, many have inferred that the molecular 
view has been synonymous with the concept that viruses may be inanimate ‘chemical 
agents’ (95) though some authors have spoken directly of ‘livirtg molecules’ (62) 

Behef that some of the plant viruses are molecular is based on mterprctations 
(62, 63) with respect to homogeneity judged on a number of catena, uniformity of 
chemical findmgs, sharp sedimentation boundanes, sharp electrophoretic boundanes 
and the capacity to form crystals It is very clear that, although high degrees of 
uniformity are evident withm the limits of the methods employed, the catena are not 
of suffiaent preasion to permit the conclusions drawn There is no doubt that many 
of the smallest viruses must be of relative quantitative simphaty m structure because 
of the hmitations of size, but that any virus consists of a single compound “made up 
of the same number of atoms arranged in the same way’’ (62) not only has not been 
established but is mcompatible with the known vanabihty and adaptabihty of viruses 
with changing conditions (20) Of course, homogeneity is not an essential cnteaon of 
molecular structure, but it is the basis which has been employed for judging the plant 
viruses to be molecules It is obvious, however, that on the basis of homogeneity, 
the animal viruses are not molecular If a molecule is just any umt speafically organ- 
ized to perform a given function or which constitutes a stable aggregate (88), tlien 
viruses, as w ell as bacteaa and all cells, might be so designated 

Actually, whether some of the smallest viruses may approach molecular pro- 
portions IS not of fundamental importance with respect to the panapal questions 0 
the biological nature of these agents — whether they are to be classed as a spccia 
category of living organisms, their modes or reproduction and the relations of their 
physiological activities to those of the host cell If the term molecule is not meant to 
imply an inanimate nature of viruses, the concept immediately loses significance an 
meaning with respect to the place of viruses in the biological scale 

It would seem that the findings with the animal viruses and the bactenop age 
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should give little reason for confusion The data obtained present a senes or system 
continuous with the findings of other known entities, organisms and cells The size 
range of animal viruses studied m some detail extends from about 250 m;i — ^vaccinal 
elementai}'^ bodies — to about 60 m/i — the papilloma and equme encephelomyehtis 
viruses Between these limits of size there is no endence of a break or gap m funda- 
mental constitution, and m no instance, except for the size of the agents and the 
physical behavior of particles of this size, have the data diverged from the pattern of 
the quahtative character of organisms and cells A specific comparison is that 
between the Tj bacteriophage and its own host, E cob In this particular case 
quahtative component differences between the virus and the host cell mdicate 
autonomy of the former m the process of reproduction The nucleic aad content of 
the ammal inruses vanes from 8 7 pier cent m the papiUoma nrus to about 2 per cent 
m the influenza viruses In certam streptococci (105) the amount of nucleic aad is 
in the range of about 20 per cent, a value similar to that for E cob The content, 
about 45 per cent, of nucleic aad m the Tj bactenophage is considerably higher than 
that of its host and of these streptococa but is comparable with the amount m sperm 
and thymus gland cells (81,80) It is possible that bactenophages m general may be 
characterized by high contents of nuclac aad smce the agents of this group from 
several sources contam large amounts of phosphorus It is apparent that the 
physico-chemical findmgs with these viruses have closed no gaps between the animate 
and the inanimate, instead a known field has been broadened, and the problem of the 
biological nature of infectious agents of this size remains as great as ever 

The results of the analyses present no evidence confirrmng the behef that viruses 
may represent or be similar to ‘genes’ (28, 2) On the contrary the proportions of 
nucleic aad, and consequently ‘gemc’ material, m the ammal viruses are m general 
smaller and m no instance greater than those of organisms or cells (80) The mternal 
structure, presumably representmg condensations of nudeoprotem and a nudear 
apparatus, is small in comparison with the whole piartide, and there are dear regions 
correspondmg to the cytoplasmic structures of organisms and cells In the bacterio- 
phage, which contains much nudeic and, the mternal material occupies a large part 
of the partide Evidence of some sort of limitin g pienpheial structure havmg the 
appearance of a wall and the behavior of a sermpermeable membrane m some 
instances is reason to doubt ‘nakedness’ of the partides Rather than such a concept, 
It appears likely that vnruses contam a proportionate amount of determinative 
material set aside withm the virus cell m a umt not differmg fundamentally from the 
analogous umts of other organisms 

The group of animal and bacterial viruses thus far studied, though small m 
number, exhibits a diversity in chermcal constitution which may well approach the 
limits to be expected for all of the agents of these two groups There is the possibihty 
that some of the agents of animal and bacterial disease, like the plant viruses, wiU be 
devoid of hpid. In neither the To bactenophage nor the papilloma virus is fat a large 
component, but if the fat is regarded as a vital part of these two viruses, all of the 
agents studied m both groups are complexes consistmg of protem m assoaation with 
nudeic aad and hpid and, m one instance, mth carbohydrate in excess of the amount 
bound in nucleic aad Reference to these agents as nucleoproteins, as frequently 



364 


J W BEARD 


Volume 28 


practiced, is confusing and misleading, for the hpid is unlikely to be a constituent of 
nucleoprotem, and, further, there is no evidence that aU of the protem and nucleic 
aad are bound m a smgle compound With the mformation now at hand, such a 
usage of the term nucleoprotem is no more warranted with respect to viruses than it 
would be to refer to a bacterium, a hver or an 03fster as a nucleoprotem 

lUuave reasonmgs are no longer provocative or helpful m the field for nearly 
everything has been said The tools for further study are at hand, and numerous 
directions for new mvestigations are obvious Many viruses must yet be purified, if 
no method is devised for their culture m simple media, before enough will be known 
to jiermit classification on a ph3^ico chenucal basis Work m the field of the immuno- 
chemistry of viruses (57), which may tell much of virus structure and relationships, 
has barely begun The usefulness of the electron rmcroscope m physiological and 
morphological studies of vmises as well as bacteria is only be ginnin g to be explored 
(148) Only a few mvestigations have been made of the physiological relations of 
virus and host-cell (25) Beg innin gs have already been made m the developments of 
techmques of the electron rmcrographic study of some aspects of virus growth and 
reproducbon (149) As Burnet (20) has suggested, there is but one way to settle the 
questions, and that, undoubtedly will be the hard way of gathermg the experimental 
data 
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present m foods, suci as tnchochromogemc (8), anb-gray hair, anb-achromotriclua 
and chromotnchia (9) factors For purposes of this review the various nutritional 
factors which appear to be needed for normal pigmentation processes are referred to 
m general as pigmentation factors, or as factors necessary for pigmentation of hair, 
feathers or slnn 

SufBaent esjierunental evidence is not at hand to evaluate all of the various 
possible causes of graymg m man Barahal (ro) has ated instances to mdicate that 
extreme p^chobc and psychoneurobc states or cerebral trauma may predispose to 
rapid and premature graying He lists as possible causes of gradual premature 
graymg the foUowmg heredity, emotional stram, endocrme disturbance, dietary 
defiaency and the chrome diseases — tuberculosis, syphilis, malaria, diabetes, 
Addison’s disease and Sunmond’s disease He further reviews the possibihties 
advanced by others that rapid graymg of hair may m some instances be associated 
with ph3^cal changes of the hair, such as thickerung and opaaty of the outer layer 
and the presence of air bubbles m the hair itself It should be noted that as early as 
1910 Stieda (rr) discredited many of the famous instances of hterature and history 
which tell of sudden gra}'mg The American Medical Association (12) likewise early 
endorsed the viewpomt that sudden graymg of b»ir is a virtual rmpossibihty 

The findmg that hair and feather color can be greatly influenced by nutntional 
controls m growmg experimental animals has led to much speculation with regard to 
the possibihty of arrestmg or correctmg gra)mg m humans On purely theoretical 
grounds Hrdhcka (13") repudiated the idea that the influence of essential nutnents or 
drugs can have more than a temporary stimulating effect on the normal pigmentation 
processes He stated empmeaUy that graymg is a normal symptom of the agmg 
process and is an outward symptom of declmmg metabohsm. Gibbs (9), however, 
pomted out that seasonal changes m the color of a vanety of animals is a normal 
process not related to age and that there are many reasons to assume that the pig- 
mentation processes are subject to drug action like most other body functions The 
two viewpomts are not m stnet opposition and the mterestmg question whether 
graymg can be delayed m the agmg human by nutntional or other means has yet to 
be answered 

Although this review deals chiefly with reports concemmg nutntional studies, 
there is mduded a bnef discussion of the chemistry of pigment formation, and an 
attempt is made to correlate some of the facts m a general way Bnef reviews on 
vanous phases of the problem have appieared from tune to time m Nutntton 
Renews (14) 


EARL\ EXPEEIMENTAL OBSERVATIONS 

Although Stieda (ii) predicted it m 1910 the observation that defiaency m diet 
may predisjiose to gra3ung was not made until 1922 when Niemes and Wacker (15) 
reported graymg m black rats fed milk and starch The gra}ung was cured m a few 
weeks when the rats were returned to a stock dieL At about the same time Hartwell 
(16) m England observed fawnmg m rats on summer mill but not on wmter milk 
when they grew less rapidly She suspected a protem defiaency, particularly defi- 
aency of tyrosme and tryptophan and repiorted the curative effect of addmg 'food 
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T he LiTERATtjRE OH the ph}^iology, morphology and pigmentabon of hair has 
been reviewed by Bloch (r), Danforth (a) and Urbach (3) Although con- 
siderable work remams to be done to clarify these fields of knowledge the 
following pomts appear to be fairly well established 

The color of hair is normally caused by the depiosition of pigment (melanm) mto 
the hair shaft from the foUicle during growth of the hair Different colors and shades 
are caused by differences m the color of the pigment deposits and also m the way m 
which the pigment is diffused or concentrated m granules White hair contains no 
pigment Gra}rmg of normally pigmented hair is apparently caused by a failure of 
the hair folhcles to deposit pigment m the hair at the time the haur is bemg formed 
Pigmentation of feathers has been extensively studied by Wilher (4) The chick 
embryo provides a rather ideal medium for study of the relation of genetic factors to 
pigmentation Wilher has concluded that the abihty to form pigment exists only m 
certain cells, the so-called melanophore cells These cells arise from the neural crest 
and migrate mto the skm and its denvatives — the hair and feather folhcles In the 
absence of melanophores the hair and feather structure is otherwise normal but with- 
out pigment. When melanophore cells were removed from the neural crest of 
embryos of Barred Plymouth Rock chicks and grafted to wmg buds of White Leghorn 
embryos, the White Leghorn chicks developed the pigmented wmg feathering char- 
acteristic of Barred Plymouth Rocks 

Accordmg to Wilher the specific color or pattern produced m feathers depends on 
the genetic constitution of the melanophores and partly on the physiology of the 
feather folhcle, 1 e , its growth rate etc Experiments were ated which mdicate that 
the melanophore cells which arise from the neural crest migrate laterally and mvade 
the skin, the hair and feather folhcles and furnish melanm to these structures This 
IS true both m mammals and m birds and is thought to account for the characteristic 
colormg of arumals m general 

Graymg, depigmentation or failure of pigmentation of hair has been vanously 
referred to as ‘achromotnchia’ (5), ‘camties’ (6) and ‘achromachia’ (7) The word 
achromotnchia, or simply graymg, will be used throughout this review to descnbe t^ 
condition of 'absence of pigment from hair or feathers’ These terms have receiv 
widespread use m recent saentific hterature There appears to be general agreement 
among nutritionists that graymg of fur or feathers may be brought about in many 
speaes of anunal, usually dunng the stage of growth, by unposing defiaenaes 0 
certam specific mmeral elements or factors of the vitamm B-compIex Vano^ 
names have been used m refemng to these pigmentogemc nutntional factors norma y 
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present m foods, sudi as tnchochxomogemc (8), anti-gray haxr, anU-achromotndua 
and chromotndua (9) factors For purposes of this review the vanous nutritional 
factors which appear to be needed for normal pigmentation processes are referred to 
in general as pigmentation factors, or as factors necessary for pigmentation of hair, 
feathers or slnn. 

Suffiaent erpenmental evidence is not at hand to evaluate all of the vanous 
possible causes of gra3ang m matL Barahal (10) has cited instances to mdicate that 
extreme p^chotic and psychoneurotic states or cerebral trauma may predispose to 
rapid and premature graymg He hsts as possible causes of gradual premature 
giaymg the foUowmg heredity, emotional stram, endocrme disturbance, dietary 
defiaency and the chrome diseases — tuberculosis, syphilis, malaria, diabetes, 
Addison’s disease and Simmond’s disease He further reviews the possibdities 
advanced by others that rapid gra}Tng of hair may m some instances be associated 
with physical changes of the hair, such as thickening and opaaty of the outer layer 
and the presence of air bubbles m the hair itself It should be noted that as early as 
rpro Stieda (rr) discredited many of the famous instances of hterature and history 
which tell of sudden graymg The Amencan Medical Assoaation (12) likewise early 
endorsed the viewpomt that sudden graymg of hair is a virtual impossibihty 

The finding that hair and feather color can be greatly influenced by nutritional 
controls m gtowmg experimental animals has led to much speculation with regard to 
the possibihty of arresting or conectmg gra3ong m humans On purely theoretical 
grounds Hrdhcka (13) repudiated the idea that the influence of essential nutnents or 
drugs can have more than a temporary stimuladng effect on the normal pigmentation 
processes He stated empincally that graymg is a normal symptom of the agmg 
process and is an outward symptom of dechnmg metabolism. Gibbs (g), however, 
pomted out that seasonal changes m the color of a vanety of animals is a normal 
process not related to age and that there are many reasons to assume that the pig- 
mentation processes are subject to drug action like most other body functions The 
two viewpomts are not m stnet opposition and the mterestmg question whether 
graymg can be dela3rod m the agmg human by nutritional or other means has yet to 
be answered 

Although this review deals chiefly with reports concemmg nutritional studies, 
there is mcluded a bnef discussion of the chemistry of pigment formatioii, and an 
attempt is made to correlate some of the facts m a general way Brief reviews on 
vanous phases of the problem have appeared from tune to tune m Nulntton 
Renews (14) 


EARLY EXPEEIMENTAL OBSERVATIONS 

Although Stieda (n) predicted it m 1910 the observation that defiaency m diet 
may predispose to graymg was not made until 1922 when Niemes and Wacker (15) 
reported giaymg m black rats fed milk and starch The graynng was cured m a few 
weeks when the rats were returned to a stock diet. At about the same time Hartwell 
(16) m England obser\-ed fawnmg m rats on summer milk but not on wmter milk 
when they grew less rapidly She suspected a protem defiaency, particularly defi- 
aenev of tyrosme and tryptophan and reported the curative effect of nAffinv ‘food 
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casein’ to the bread and milk diet Hartwell made the mterestmg observation that 
there must be a small store at birth of pigment-forming essentials smce only one 
suckhng rat out of about a thousand htters developed a gray coat on first growth of 
fur 

Bakke, Aschehoug and Zbmden (17) m 1930 descnbed graying of rats on syn- 
thetic diets contanung wheat germ as a source of the vitamm B-complex. Smce the 
use of whole wheat m place of wheat germ did not cause graymg, these authors con 
eluded that wheat germ probably contams a toxic factor which predisposes to unnat- 
ural graying They apparently let the matter drop at that 
In 1931 Ked and Nelson (18) m studymg the effects of copper defiaency pro- 
duced by feedmg rndk diets repiorted the mterestmg fact that copper defiaent rats 
become depigmented When copper was supphed there was a gradual return to 
normal hair color In 1934 Gorter (19) at Delft, Holland, produced graymg m cats, 
rabbits and rats on a multiphaty of diets From his extensive experiments Gorter 
concluded that copper was the chief, if not the only, active prmaple m the curative 
substances he exammed Gorter's work is difficult to assess m hght of recent findings 
because the diets he used were varied and ill-defined SjoUema (20) m Denmark 
reported m 1938 the concormtant occurrence of anemia and depigmentation m cattle 
on copper defiaent pasture 

2 hnc, also, appears to be concerned m the mechamsm of pigmentation Stun, 
Elvehjem and Hart (21) found that acute zme defiaency caused retardation of growth 
and depigmentation m young albmo rats Both defiaency symptoms were rapidly 
alleviated by a dminis tration of nunute quantities of soluble zme salts The fact that 
zme has been found m considerable amount m hair (22) is mterestmg m this regard, 
although httle is known of the mechanism of its action 

FACTORS or THE VITAMIN B-COMPLEX 

That orgamc as well as morgamc nutrients are mvolved m gra)mig has been 
shown by a large number of workers but was specifically referred to by Free (23) who 
demonstrated the mefficacy of B-complex fectors to cure copper defiaency achro- 
motnchia m rats and the equal mefficacy of copper to cure achromotnchia mduced by 
B-complex defiaency 

Widespread mterest m the problem from the nutntional side did not come, how- 
ever, imtil Morgan, Cook and Davison (24) and Lunde and Krmgstad (25) m 1938 
reported graymg m rats mamtamed on synthetic diets defiaent only m the filtrate 
factors of the vitamin B-complex, 1 e , factors other than thiamin, nboflavm and 
pyndoxme, and not adsorbed on Fuller’s earth Synthetic diets with casern, sucros^ 
salts, com od or other imsaturated fat and cod hver oil plus thiamm, nboflavm an 
pyndoxme induced graymg m black and piebald rats m six to seven weeks Anima 
on such diets, however, showed vanous gross defiaency S3miptoms, all of which were 
curable by addition of crude filtrate fractions Both groups (26, 27) made the ^r- 
tment observation that yeast and yeast extracts always promoted good growth, ut 
did not always cure graymg Likewise wheat germ and cane molasses mduced rapi 
growth, but only late and mcomplete cure of grayness, while nee bran and ver ^ 
trates had less effect on growth but caused prompt darkenmg of the fur organ 
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and Simms (27) produced nutritional achromotnchia m rats, dogs and guinea pigs on 
simila r diets defiaent m the ‘filtrate fraction’ of the \’itamin B-complex Both of the 
above groups (28, 29) also reported achromotnchia m the silver fox on diets designed 
to be specifically deficient m the so-called ‘anti-gray ham vitamins’ Lunde and 
Knngstad (30) stated that thej' could distinguish the anti-graymg factor from the 
growth factor by the shghtly greater mstabdity to heat of the former 

Oleson, Elvehjem and Hart (5) reported m 1939 that pantothemc aad concen- 
trates were meffective m preventmg nutntional achromotnchia Early m 1940, 
howei^er, Gyorgy, Pohng and Subbarow (32) mdicated the curative effect of panto- 
themc aad m concentrates of that vitamm, but concluded that it is not the only 
factor involved Later Gyorgy and Pohng {33) reported practically complete cure 
of graymg m 5 to 7 weeks anth daily doses of 75-100 ng of gmthetic d(-f )calaum 
pantothenate Stdl later (34) they showed some effect for biotm as well, but stated 
that even with biotm plus pantothemc aad, the pigmentation was stdl not entirely 
normal 

hfielsen, Oleson and Elvehjem (35) announced m 1940 that they had succeeded 
m isolatmg a highly active crystaUine chromotnchial substance of unknown nature 
In the same year Unna and Sampson (36) claimed clear-cut cure of graymg m rats on 
synthetic diet with calaum pantothenate at 100 ng per day Considerable evidence 
was forthcommg, however, that pantothemc aad is only one, although it is probably 
the most important, of the filtrate factors needed for normal pigmentation Dimick 
and Lepp (37) mdicated the presence of additional chromotnchial factors m nee bran 
extracts and Wilhams (38) reported the inadequacy of pantothemc aad alone to cure 
graymg Frost, Dann and Moore (39) showed that the curative capaaty of hver 
and yeast extracts is not entirely dependent on their pantothemc aad content, but 
that hver fractions contammg relatively small amounts of pantothemc aad may be 
dilative They postulated the presence of an additional factor m yeast and hver 
which appeared to potentiate the action of pure pantothemc aad 

Early m 1941, Ansbacher (40) aimounced that p>-armnobenzoic aad is a vitamm, 
and an achromotnchia factor as well He reported that rats became gray on his 
ration supplymg a high level of all of the known B-complex factors and that blacken- 
ing occurred in one month following administration of 3 mg daily of p-ammobenzoic 
aad Later Martin and Ansbacher (41) repiorted cure of achromotnchia mduced by 
hydroqumone toxiaty m mice In these experiments o 8 mg daily of p>-aimnoben- 
zoic aad was reported to cure the graymg more effectiiely than nee bran concentrates 
Emerson (42) and Unna, Richards and Sampson (43) soon reported negatii e results 
with p-ammobenzoic aad alone or m combination with pantothemc aad and were 
unable to produce graymg m rats with a diet similar to the one Ansbacher had de- 
Ecnbed Experiments at Wisconsm (44) and in this laboratory (45) also were entirely 
negatii e with p-ammobenzoic aad The hterature on p-ammobenzoic aad has been 
renewed by Ansbacher (46) 

The complexity of the graymg and pigmentation mechamsms assumed eien 
greater propiortions in 1941 mth the findmgs that dietary adequacy of cystine, cholme 
and sodium chloride may be im oh ed together with the fore-mentioned compounds 
insuffiaenev of cystine supply in the ordinary synthetic diet contammg iS per cent 
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of washed casein was indicated by Pavcek and Baum (47) who reported that admm- 
istration of 70 mg daily of cystine to grayed rats augmented the curative effect of 
ca lci u m pantothenate and stimulated growth above that on pantothenate 
alone Owens, Trautman and Woods (48) reported that cholme deficiency results m 
the rusting of fur m albmo rats, as does defiaency of pantothemc aad, and suggested 
that this may have some beanng oru the achromotnchia problem In this regard the 
effect of mositol on hair growth m mice (49) and m rats (50) should not be overlooked, 
although no evidence has yet been forthcommg that this factor has to do with pig- 
mentation RaUi, Clarke and Kennedy (gr) reported that the amount of salt added 
to the filtrate factor-defiaent diet influenced the madence, extent and degree of 
graymg m rats Rats on low salt mtake grayed 55 days sooner than those on high 
salt intake Changes were also seen m the adrenals of these animals This finding 
added to the already strong evidence that adrenal function is concerned with pig- 
mentation 


Followmg the more or less general agreement among nutntiomsts thatp-ammo- 
benzoic aad was not concerned to a promment degree m the normal pigmentabon of 
experimental ammals (42-44) came the repiort of McGinnis, Noms and Heuser (52) 
that an umdentified factor m brewer’s yeast, other than pantothemc aad, is necessaiy 
for the normal feathering and pigmentation of Rhode Island Red chicks Martin 
(53) and Wnght and Welch (54) produced some achromotnchia m rats fed sulfa- 
diazine or sucanylsulfathiazole and reversed the condition by feeding concentrates 
known to contain fohc aad Frost and Dann (55) were able to produce a high ma- 
dence of graymg m dogs raised on highly purified diets with adequate calaum pan 
tothenate, copper, zmc, biotm, mositol, cholme, cystme and p-armnobenzoic aad 
The achromotnchia was assoaated with anemia, and both conditions regressed with 
hver extract or yeast feedmg Early m 1946 Frost, Dann and Mclnhre (56) reported 
the prevention of graymg m Black-Leghom chicks which received 10 fig per day of 
synthetic pteroylglutamic aad (folic acid) m addition to a diet contaimng all other 
known dietary factors Pigmentation was comparable to that seen m chicks which 
received a 10 per cent yeast supplement Graymg was pronounced m chicks which 
received only 5 fig pteroylglutarmc acid by mjection p>er day Below this level 
feathejing and growth were very poor Lilhe and Bnggs (57) confirmed the preven- 
tion of depigmentation in the chick by the addition of synthetic pteroylglutamic 


aad to purified diets adequate m all other known factors 

A possible mterrelationship between pantothemc aad and pteroylglutamic aad 
m metabolism is mdicated by the work of Wnght and Welch (54) Thar work 
showed that hver storage of pantothemc acid was favorably influenced by the sunul- 
taneous admmistration of fohc aad-nch concentrates and biotm to succmylsulfa- 
thiazole fed rats From this one rmght deduce that utilization of pantothemc aad 
is m some way dependent on the presence of pteroylglutamic aad Other work 
(37) 39) had previously mdicated that low levels of pantothemc aad as supplied m 
yeast and hver were more effective m the prevention of achromotnchia in growmg 
rats than was a four-fold level of pure d(-l-)calaum pantothenate The inference 
was that unknown factors m the natural matenals were acting synergistica y ivi 


pantothemc aad in the prevention of graymg 
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In the early work on the effect of pantothenate on graying considerable discrep- 
ancy was encountered between results m different laboratories Complete prevention 
or cure (43, 44), mcomplete prevention or cure (34, 37, 39, 40, 31, 58, 59), and no pre- 
vention or cure (38) of achromotnchia in rats or chicks by pantothenate were reported 
in 1940-41 It IS probable that the different diets used contained different levels of 
fohc aad There is the further hkehhood that mtestmal synthesis of fohc aad may 
proceed at different rates under differing conditions That the rat requires fohc aad 
when suUaguamdme or succmylsulfathiazole is fed and that this artifiaal defiaency 
state IS accompamed by achromotnchia has been demonstrated (53, 54) The rat 
can dispense with pteroylglutamic aad even on highly synthetic diets, however, the 
needs for growth and all phases of metabohsm may not always be completely met by 
mtestmal synthesis of this factor Under these conditions transitory graying may 
occur 

Spontaneous cure of graymg m rats approachmg matunty has been reported by 
Unna and Richards (60) and Schwarz (61) m rats receiving minimal levels of pan- 
tothenate tJnna and Richards (60) reported a decrease m the pantothenate re- 
quirement of rats from 100 ng per day at 3 weeks to 25 /ig per day at 10 weeks of 
age. Schwarz (< 5 r) made a quantitative study of the effect of low levels of panto- 
thenic aad with regard to pigmentation m relation to growth He reported that 
weanhng piebald rats fed 29 micrograms of d(-h)pantothemc aad per day gamed an 
average of rr grams per week and only 7 per cent of them showed graymg A similar 
group which received 5 micrograms of d(+)pantothemc aad per day gamed 9 5 
grams weight and roo per cent of the animals became gray Schwarz concluded that 
there is competition withm the animal for pan to theme aad for the unrelated functions 
of growth and melaiun formation and that the needs for growth are generally first 
satisfied. On low prophylactic doses graying appeared before growth deaeased 
In studymg the effect of pantothemc aad on growth Schwarz (62) noted that weanhng 
rats made pantothenate defiaent by a standardized method showed a weight response 
m close proportion to the size of the dose Thus each microgram of d(-l')pantothemc 
aad gave about 62 5 rmlhgrams mcrease m body weight over a wide dosage range 
The effect of sub-optimal levels of pantothemc aad to satisfy certam physiological 
funebons without meeting the needs for growth is further seen m the work of Mills, 
Shais , Elvehjem and Philhps (63) These workers mdicated that only 4 to 25 rmcro- 
grams of pantothemc aad per day was suffiaent to prevent the appearance of adrenal 
necrosis from developmg m weanhng rats 

The possible effects of mtestmal synthesis of pantothemc aad and fohc aad on 
achromotnchia are difficult to define Although there has been no general verifica- 
tion of the importance of p-ammobenzoic aad m animal nutation, there have been 
some mdications (53, 64) that p-ammobenzoic aad acts mdirectly by stmiulatmg 
microbial synthesis of other factors which may then become available to the animal 
The chromotachial effects reported for biotm (34, 65) may be related to some extent 
to a reduced synthesis of this factor m the mtestmal tract (66, 67) under certam con- 
ditions The clearcut graymg produced by Emerson and Keresztesy (65) m rats fed 
15 per cent dned eggwhite m the diet is, however, more clearly related to formation 
of the unavailable avidm-biotm complex than to a failure of mtestmal synthesis 


374 


DOUGLAS V FROST 


Vdume 28 


A still further defiaency effect related to abnormal feather pigmentation in 
'^bronze poults has been described by Fntz el al (68) The syndrome nas produced 
on diets contaming a high percentage of vegetable proteins and was prevented by 
addmg lysme The mdication was that i 1 to i 2 pier cent lysme m the diet is needed 
for normal feather pigmentation and optimum growth m poults 

The mterestmgpomt has been advanced by Morgan and Simms (27) that abun- 
dance of mcotmic aad and pyndoxme in the diet predisposes to rapid gTa)ang m 
a n i mals on synthetic diet This type of diet leads also to adrenal and thyroid damage 
and to unnatural th3anus survival Accordmg to Morgan the changes which occur 
m the glands of animals defiaent m pigmentation factors are typical of senescence 
Further studies relative to this type of observation and the possible import m human 
nutation are needed 


Table i Dietaey factobs reported to be necessary for normal pigmentation 

IN ANIMALS AND BIRDS 


DEETAaV ?ACTOi 

REPORTED BY 

YEAR 

FIRST 

R£ 

PORTED 

SPECIES AND REFERENCE NO 

— 

Nieraes and Wacker 

1922 

Rat (is) 

— 

Hartwell 


Rat (16) 

Copper 

Keil and Nelson 

1931 

Rat (18, 23), cats and rabbits 
(19), cattle (20) 

Zmc 

Sbm, Elvehjem and Hart 

ms 

Rat (21) 

Filtrate factor 

Morgan, Cook and Davi 
son 

1938 

Rat (24-30), dog (27, ss), fox 
(28), guinea pig (27) 

Pantothenic aad 

GySrgy and Poling 

1940 

Rat (32-39, 38-59), cbick (31. 
52), mouse (34) 

P ammobenzoic aad 

Ansbacher 

1941 

Rat (40), mouse (41) 

Fobc aad (concentrate) 

Martin 

1942 

Rat (S3, 54) 

Pteroylglutamic aad 

Frost, Dann and Mclntire 

1946 

Chick (56) 

Lysine 

Fntz, Hooper, Halpm and 
Moore 

1946 

Turke> (68) 


In table i is presented a bnef summary of the dietary factors thus far reported 
to be necessary for normal pigmentation of vanous animals and birds, together with 
the imtial mvestigators, the year reported, the speaes studied and some of the key 
references 


OBSERVATIONS IN HUMAN BEINGS 

A few attempts to cure graymg m humans have been scientifically repwrted, and 
several reports have appeared m the popular press and m trade journals Some of the 
latter have been referred to by Brandaleone, Mam and Steele (69) Only those 
papers which have appeared m recognized saentific journals will be reviewed here 
Tn 1941 after j>-anunobenzoic acid had been reported to be an achroraotn la 
factor m rats (40), Sieve reported (70, 71) changes m hair color after three to eig 
weeks m humans given large doses of p-aminobenzoic aad, 1 e , about 100 mg tinre 
daily by mouth Expenmental details and observations were not clearly descn 
in these reports 
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In 1943 Kerlan and HerwicL (72) reported a clinical study in 27 white men and 
women with graymg hair given 20 mg of calcium jiantothenate daily No sig nif ic an t 
change m hair color was noted and it was concluded that calaum pantothenate alone 
is of no value m the restoration of color to gray hair m humans Similar negative 
results were repwrted the same year by Vorhaus, Gompertz, and Feder (73) Bran- 
daleone, Mam and Steele (74) also m 1943 reported that 2 out of 19 elderly grayed 
mdinduals treated daily for eight months with 100 mg calaum pantothenate, 200 
mg para-ammobenzoic aad and about 50 grams brewer’s yeast showed a significant 
change toward a return of normal hair color In 1944 these same authors (69) re- 
ported their previous studies m greater detail and extended the study to mclude 14 
younger mdividuals None of the younger mdividuals showed a decrease m grayness 
with different combinations of calaum pantothenate, para-ammobenzoic aad, and 
brewer’s yeast or yeast concentrate 

The authors pomt out that the hair of the two mdividuals who show ed a positive 
effect gradually became graj’'er agam after medication was stopped The fact that 
both of these mdinduals recaved brewer’s yeast as well as calaum pantothenate and 
para-ammobenzoic aad may be of some significance, especially m view of the more 
recent animal work mdicatmg that fohc aad, and possibly other factors m yeast and 
hver extract, play a part m normal pigmentation m chicks and dogs 

The appearance of graymg m severely avitammotic children has been observed 
m vanous parts of the world NichoUs (75) reported that children m Malajm who 
live largely on manioc root exhibit symptoms of multiple nutntional defiaenaes, one 
of the symptoms bemg graymg of the hair When the children were fed a good diet 
the proximal parts of the hair grew m normally pigmented, while the distal part 
remamed gray Graymg was also seen m infants weaned on cereal gruels A. con- 
siderable loss of pigment was rarely seen and no change m the texture of the hair was 
noted 

Recently, nutritional defiaenaes m children of a seventy uncommon m the 
United States have been extensively observed also by Cbax^ama el al (76) m Costa 
Rica These authors reported that depigmentation of the hair is a rather generalized 
S}mptom m children severely depnved of vanous nutntional factors, where the diag- 
nostic symptoms are those of pellagra, ben-ben, nboflavm defiaency or vitamm A 
defiaency Undoubtedly these children suffer from a combination of many nutn- 
bonal defiaenaes and it is not likely that therapy with any one nutntional factor will 
effect a complete cure It was reported that biotm, o 25 mg two or three tunes dady, 
appeared to accelerate the cure of the nutntional alopeaa and achromotnchia over 
that observed on the hospital diet alone, or with added thiaTniTi and mcotmamide 
Because the curative experiments were not controlled definite conclusions could not 
be drawn as to the effect of mdividual vitamins It was clear, however, that the 
depigmentation w as easily re\ ersible by adequate diet m those children who sumved 
this sei ere \ntamm defiaency state 

AAHhams (77) m 1933 m South Afnca was among the first to observ e the changes 
m hair color assoaated with se\ ere nutntional defiaenaes in children on maize diets 
Trouell later (78) suggested that the disease was infantile pellagra Gillman and 
Gilhnan (79) m 194S stated that the disease, which they accept proxnsionally as 
pellagra, is prexulent among the native children of South Afnca The latter workers. 
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in a careful review of the symptoms and treatment of the disease, state that mcotmic 
acid and other crystalhne vitamins are meffective and even appear to be contra- 
mdicated m cases of severe mfantile pellagra The seventy of the defiaency is mdi- 
cated by a record of 40 to 60 pier cent mortahty, despite the administration of the then 
known vitamins and a full diet It was noted that if the hver had not been severely 
damaged and if the children took llieir feedmgs they would recover slowly on any 
form of rational therapy The greatest difSculty was the complete loss of appiebte 
and inamtiorL Results with mjectable hver extract and powdered stomach were far 
supienor to those with vitamins Powdered stomach, especially, was considered a 
life-savmg drug m the treatment of the disease. 

The fact that the above-mentioned nutntional defiaency disease is entirely 
resistant to mcotmic aad and is cured by natural materials known to contam fohc 
aad and other yet unknown factors suggests further expienmental approaches to the 
disease For instance, it would be of significance to detenmne whether fohc aad 
alone, and m combination with other vitamm B-complex factors, wiU cure the disease 
For purposes of this review it would be esjieaally mterestmg to know whether fohc 
aad together with other known pigmentation factors would reverse the graymg which 
appiarently occurs as a usual symptom of the disease The relationship between fohc 
aad and the anti-jiermaous anemia fraction of hver extract, and the relabonsbip 
between the latter factor and dried stomach, are at present diffuse but many mdica- 
faons suggest that there is a rather close biochemical relabonsbip between them 

Gillman and GiUman (80) very appropnately quote the suggesbon made to them 
by piersonal commumcabon by Trowell that the name for the disease, infantile pel- 
lagra, originally propxised by him be replaced by the term ‘mahgnant malnutnbon 

ENDOCRINE FACTORS 

Certam other mvesbgabons relatmg to the achromotnchia problem may be 
reviewed here The fact that acute pantothemc aad defiaency results m adrenal 
damage and the fact that adrenalectomy stimulates hair growth (81) suggested the 
use of corbcal hormones for prevenbon of graymg Mushett and Unna m 1941 (8*) 
repiorted the meffecbveness of cortm, desoxycorbcosterone, thprroid extract, U S P , 
and anterior pitmtary extract to replace pantothemc aad for prevenbon of graymg 
or adrenal hemorrhage m rats on pantothemc aad defiaent diets The preparabons 
assayed both curabvely and prophylacbcally were without effect 

That the adrenals are m some way mvolved m pigmentabon processes is clearly 
mdicated from the work of Ralh and her assoaates In 1941 Ralh, Clarke and 
Kennedy (51) reported that the amount of salt added to filtrate-factor defiaent diets 
influenced the madence, extent and degree of graymg m rats Rats on low salt 
mtake became gray 55 days sooner than those on high salt mtake Changes were 
seen m the adrenals of all animals In 1^43 Ralh and Graef (83) discovered that 
adrenalectomy causes a marked transitory hyjierplasia of the hair bulbs and folk es 
and mcreased hair growth and depwsibon of melanm both m normal and m pianto 
theme aad defiaent rats The effect was less marked m the defiaent animals an 
m the normal controls It was noted that pantothemc aad defiaent anima ose 
i;tin pigment as well as hair pigment and that adrenalectomy stimulates e re rn 
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of pigment to both sVm and ham Histologic studies indicated that the graying of 
hair was associated with some change in the hair folhcles and a cessation of m el a n i n 
deposition RaUi and Graef (84) later showed that mjection of desoxycorticosterone 
acetate following adrenalectomy in large measure inhibited the mcrease m me l a nin 
deposition and hair growth both m normal and m pantothemc aad deficient a nim a l s 
These experiments suggest mvolvement of the corticosterone hormones m the overall 
mechanism of pigmentation. RaUi and Graef (85) reported graying m 284 rats on a 
filtrate factor defiaent diet, but only a min or madence of adrenal damage The 
graymg was most pronounced m rats on low salt mtake and m rats receiving extra 
mcotmic aad. 

Wilber (4) ates expienments which mdicate that melanophores from chick em- 
biyos respond m a specific fashion to vanous hormones, such as the sex hormones, 
thyroxm and desoxycorticosterone Such experiments furnish a basis for studymg 
the wide differences m pigmentataon between different speaes of birds, and between 
the two sexes m the same species 

The effect of sex m imce on purified diets defiaent m certam of the factors of the 
vitamm B-complex has been studied by Gerstl and Goldfarb (86) The madence of 
graying was reported to be much higher m males than m females and the condusion 
was drawn that m the stram of mice used hormonal factors play a part. Forbes (87) 
reported that estrogen implants caused local pigmentation of fur, but that testo- 
sterone propionate failed to do so 

CHESnSTEY OF WGlIENTAnON 

Melamn, the insoluble pigment of skin and hair , is amorphous and has not been 
well characterized chemically, however, the be ginnin g steps leadmg to its final forma- 
tion m plants and animals seem fairly well understood Production of melamn may 
be observed m the blackenmg of cut piotatoes on exposure to air or m the rapid black- 
emng of catechol or tyrosme m the presence of certam plant extracts Tyrosme is 
thought by Rothman (88) to be the umque be ginnin g material for melamn formation 
both m plants and animals In vUro experiments have shown that t3rramme and 
adrenahne for which tyrosme is a precursor wiU yield pigments mdistmguishable from 
melanm m presence of the eimyme tyrosinase 

The scheme on page 378 for melamn formation was postulated by Bbch (r) and 
studied m detail by Raper (89) The final aggbmeration of the water-insoluble 
melamn granules which are deposited m the skin and hair by the melanoblast cells is 
not well understood 

The presence of a specific enzyme, dopa oxidase, m melanoblast pigmentation 
was piostulated m 1917 by Bbch (90), but its actual existence was not proved 
Accordmg to the work of Figge (91) tyrosmase may catalyze both the oxidation of 
tyrosme to dopa and the oxidation of dopa to dopa qumone The second reaction 
IS thought to be inhibited by the presence m excess of certam compounds havmg a 
low oxidation-reduction potentiaL Ascorbic aad and glutathione m excessive 
amounts hmder the forward progress of this reaction and may even reverse it. Only 
the first two steps m the above scheme are thought to require the mtermediation of 
an enzyme smce the re mai n in g reactions proceed spontaneously Amow (92) ba-q 
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shown that tyrosine can be converted to dop>a by irradiation with ultraviolet hght, 
and this may occur to some extent tn vivo Rothman (93, 94) has further elaborated 
the effect of ultraviolet hght m production of melamn and has demonstrated the 
catalytic effects of both ferrous salts and ascorbic aad In vUro experiments were 
reported which mdicated a close simila rity m melanm formation from tyrosme by 
tyrosmase and by actuuc stimulation Ascorbic aad wes shown to stimulate melanm 
formation but to reduce preformed melanm to hghter colored products, both i» vtlro 
and til VIVO 

Demonstration of the presence and functional significance of phenol oxidases m 
mamm alian tissue has generally proved difficult and nather tyrosmase nor dopa 
oxidase has been isolated from normal skm Bloch (i) m 1917 reported experiments 
wherem dihydroxyphenylalanme was mcubated with skm and over a jienod of time 
melanm was formed The nucroscopic dopa reaction described by Bloch as a specific 
enzymatic process was used m early work by him as an mdicator of the potential 
capaaty of pigment formation msmgle cells Hogeboom and Adams (95) reported 
the presence of a phenolase m a mouse melanoma which oxidized both tyrosme and 
dihydroxyphenylalanme to melamn and suggested that this is probably a property 
of normal tissue, though m much smaller concentration Although the experiments 
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were not always successful, Onslow (96) and Pugh (97) have confirmed the ‘dopa’ 
reaction in shm According to Rothman (93), Bloch’s theory of the dopa reaction as 
a specific enzymatic process is m accord with all facts m the physiology and pathology 
of the pigmentation process 

Richter and Clisby (98) made the mterestmg observation that phenylthiocar- 
baimde, a compound which inhibits the copper containmg oxidative enzymes of tissue, 
causes gra3ung m one to two months when fed to black rats m amounts of i to 14 mg 
per rat day When the phenylthiocarbaimde feedmg was stopped the hair agam 
became black m about three months In fight of the above work Bemheim and 
Bemheim (99) studied the effect of phenylthiocarbaimde on the tyrosinase of potatoes 
and mushrooms, and on the oxygen uptake of rat tissue slices and cell suspensions 
The compound was found to be a very effective mhibitor o! tyrosinase, but relatively 
meffective against vanous tissue enrymes Although the toxic effects of phenyl- 
thiocarbamide m the rat cannot be explamed by its action on tyrosmase, it appears 
bghly probable that the compound causes graymg by inhibition of a specific copper- 
protem enzyme system m the melanoblasts of the skin, the hypothetical dopa oxidase 

An explanation of a few of the forementioned nutritional effects can be attempted 
m fight of the above chemical scheme Smce copper is known to be the prosthetic 
group of all of the vanous phenol and polyphenol oxidases (100-102, 95), a defiaency 
of this element imght conceivably lead to an mterruption of the production of melanm 
at its very beginnmg The depigmentatron of fiydroqmnone poisorung which has 
been studied m rats and cats by Oettel (103) may result from accumulation of bydro- 
qumone m the melanoblasts, where its reducmg effect might be expected to mterfere 
with either of the reversible reactions shown m the scheme The hyperpigmentation 
of Addison’s disease has been alleviated with vitanun C (104) which is known to act 
toward reversal of the above scheme. Goodman (105) has reported imtial stimula- 
tion of pigment formation m two patients with alopecia areata by topical application 
of anthrafin (dihydroxyanthranol), a reducmg compound Persistent use resulted 
m a complete sudden loss of pigment. Thus conditions, which are thought to cause 
a reduction m the oxidative enzyme system associated with pigmentation and con- 
ditions which theoretically favor an inhibition or reversal of melanm formation, 
appear to be available for further exploration 

Martm, Wisansky and Ansbacher (106, 107) have reported that p-ammobenzoic 
aad has some effect m changmg the normal course of melanm formation ui miro, but 
these results are not mterpretable on the basis of the nutritional effects reported for 
this compound In this regard we should bear m mmd that the amounts of p-ammo- 
benzoic aad which have been repwrted to cure achromotnchia m rats and humans are 
out of aU proportion to the amount likely to be obtainable m food The reported 
curative effect on achromotnchia may well prove to be an artifact which wdl have 
no counterpart m normal nutation. How or where the lemainmg achromotnchia 
compounds imght fit mto the above scheme is be3mnd the hmits of supposition at 
present T rom the accumulated evidence it would seem that pigmentation m general 
is m part subject to proper hormone function and this m turn may depend on the 
adequacy and balance of certam nutntive factors 
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shown that tyrosine can be converted to dopa by irradiation with ultraviolet hght, 
and this may occur to some extent tn vivo Rothman (93, 94) has further elaborated 
the effect of ultraviolet hght in production of melamn and has demonstrated the 
catalytic effects of both ferrous salts and ascorbic aad In vitro exjienments were 
reported which mdicated a dose sinulanty m mdanm formation from tyrosine by 
tyrosmase and by actimc stimulation Ascorbic aad we s shown to stimulate melanin 
formation but to reduce preformed melamn to hghter colored products, both tn vtlro 
and in vtw 

Demonstration of the presence and functional significance of phenol oxidases m 
mamm alian tissue has generally proved diflacult and neither tyrosmase nor dopa 
oxidase has been isolated from normal skin Bloch (i) m 1917 reported experiments 
wherem dihydroxjrphenylalanme was mcubated with skm and over a period of tune 
melanin was formed The microscopic dopa reaction descnbed by Bloch as a specific 
enzymatic process was used m early work by him as an indicator of the potenbd 
capaaty of pigment formation m smgle cells Hogeboom and Adams (95) reported 
the presence of a phenolase m a mouse melanoma which oxidized both tyrosme an 
dihydroxjrphenylalanme to melamn and suggested that this is probably a property 
of normal tissue, though in much smaller concentration Although the experiments 
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SUMMARY 

The fact that graying has been induced m all speaes of a nim als studied and has 
been observed in human mfants under a variety of dietary defiaency conditions would 
seem to mdicate that graying, particularly durmg growth, is a characteristic mani- 
festation of certam types of dietary defiaency The mtent m the great majonty of 
experiments has been to develop a specific defiaency of only one pigmentation factor 
There is httle chance that such extrerhe spieofic dietary unbalances often occur among 
humans, but multiple defiaenaes undoubtedly do occur That graying is ever 
actually mduced under ordmary conditions by mild chrome defiaenaes of vanous 
B-complex and mineral elements has not been proved Smee genetic, hormonal, and 
dietary influences have all been shown to play a part m pigmentation processes, the 
etiology of graymg m mdividual people is imavoidably obscure The pracbee of 
ascnbmg human curative or prophylactic properties to smgle pigmentation factors, 
which have been found effective m animals, imder highly specialized and controlled 
conditions, is not well founded It is not certam that graymg m adult humans is ever 
caused by a dietary defiaency and, if such were mdeed the case, the defiaency would 
almost certainly mvolve the lack of more than one of the factors thus far shown to be 
needed for normal pigmentation m anunals 

Because of genetic influences, graymg m adult human bemgs is not considered 
a manifestation of unnatural physiologic change. The fact that graymg occurs m 
chfldren on extremely poor diets is of considerable mterest, but it is not very help- 
ful m assessmg the situation with regard to adults The above-ated work with 
human bemgs was earned out before the need for pteroylglutanuc aad for normal pig- 
mentation was established m animals Most of the human stuches mvolved pian- 
tothemc aacL It is therefore of mterest that there now appears to be physiologic 
relationship between these factors The apparent functional relationship between 
pteroylglutamic acid and the anti-pemiaous anemia prmaple of liver is also of 
mterest, particularly m view of the fact that hver extract has been reputed to have 
an effect on graymg m isolated mstances When more is known about about the 
nutritional rfile of the vanous pigmentogentic factors and about then mteractions m 
essential enzyme systems, further study of thier effects m graymg m human bemgs 
may be inchcated 
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I T IS PROBABLE that BO phenomenon of nature has attracted more attention over a 
longer penod of tune or has been mvestigated from more diverse pomts of new 
than that of pigment formation m the mtegument of animals Among the 
vertebrates, color patterns may be produced m a number of different ways, but m 
the majority of cases melanm pigment is the prmapal color constituent Although 
melamn pigment-formmg cells have been known and described for more than a 
century, it is only within recent years that the fundamental question of the embiyomc 
ongm of these cells has been definitely settled withm three groups — amphibians, 
birds and mammals It is only through the knowledge that the pigmentary unit, 
the melanophore, has an eirtrmsic ongm m the neural crest that it has become possible 
to apply experimental methods of causal analysis towards discoi'enng the mecha- 
nisms of control m the development of the defimtive sj'stem of pigmentation 
Through such analysis, defimte progress is bemg made towards an understandmg of 
the complex mterrelation of factors, genetic and enxTronmental, mvolved m the 
development of the final color pattern 

The mam purpose of the present article is to bnng together m one summary the 
principal findings obtamed so far from the work on amphibians, buds and mammals, 
which quite defimtely are leadmg to a more unified concept of the rble of the melano- 
phore m the de\ elopment of pigmentation m the vertebrates m general 

MELANIN PIGMENTS 

The melamn pigments are produced m certam highly specialized, branched, 
migratory cells nhich bear a stnkmg morphological similarity m all of the verte- 
brates These pigment-formmg cells ha\ e been designated by a variety of names — 
cbromatopbores, melanophores, melanoblasfs, pigmentoblasts, dendriUc cells— which 
has led to some confusion and misunderstandmg Some authors have, therefore, 
resorted to refernng to them sunply as pigment-cells In the followmg pages the 
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I T IS PROBABLE that BO phenomcEOB of nature has attracted more attention over a 
longer pcnod of time or has been investigated from more diverse pomts of view 
than that of pigment formation m the mtegument of animals Among the 
vertebrates, color patterns may be produced m a number of different ways, but m 
the majonty of cases melanin pigment is the prmapal color constituent. Although 
melamn pigment-formmg cells have been known and described for more than a 
century, it is only withm recent years that the fundamental question of the embiyomc 
ongm of these cells has been definitely settled withm three groujis — amphibians, 
buds and mammals It is only through the knowledge that the pigmentary imit, 
the melanophore, has an extrinsic ongm m the neural crest that it has become possible 
to apply expenmental methods of causal analysis towards discovermg the mecha- 
nisms of control m the development of the defimtiw system of pigmentation 
Through such analysis, defimte progress is bemg made towards an understandmg of 
the complex mterrelation of factors, genetic and eninronmental, mvolved m the 
development of the final color pattern. 

The mam purpose of the present article is to brmg together m one summary the 
pnncipal findmgs obtamed so far from the work on amphibians, birds and mammals, 
which quite defimtely are leadmg to a more unified concept of the idle of the melano- 
phore m the development of pigmentation m the vertebrates m general 

melanin pigments 

The melanm pigments are produced m certam highl3’’ specialized, branched, 
migrator}' cells which bear a strikmg morphological similarity m all of the verte- 
brates These pigment-fomimg cells have been designated by a variety of names — 
chromatophores, melanophores, melanoblasts, pigmentoblasts, dendritic cells — which 
has led to some confusion and misunderstandmg Some authors have, therefore, 
resorted to referring to them simply as pigment-cells In the foUowmg pages the 
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terms melanophore and pigment-cell are used mterchangeably to designate cells 
contammg melamn granules which they themselves have synthesized, the term 
melanoblast is used to designate an undifferentiated, prospective melanophore or 
pigment-formmg cell 

The melanm pigments produced by the melanophores are granular m nature, 
the granules bemg of defimte shape and measurable size, rangmg m color from pale 
yellow or buff through vanous shades of red-brown to black Numerous histological 
studies of the defimtive granules deposited m the feather cells of a vanety of birds 
(lob, 71, 63, 44, 87, 126, 17) and m the hair cells of various mammals (123, 103, 49, 
26, 100) have revealed that withm any one genotype, the size, shape and color of 
the granules exhibit a remarkable specificity In general, the dark melanins occur 
m the form of rods, the hght melanms m the form of spheres Also, the dark colored 
granules are much less soluble m alkalis than those of hghter color, probably due to 
differences m degree of oxidation of the melanm precursors (44) Undoubtedly the 
so-caUed diffuse melanins mentioned m hair and feather studies, time and agam by 
the older workers m particular, can be accounted for on the basis of partial solubihty 
of the granules which occurred durmg the preparation of the material for microscopic 
study Accordmg to the present status of our knowledge, melanm exists only m 
the form of discrete particles 

Melanin granules have usually been considered as mert deposits of the end 
product of cellular metabolism That th^ can no longer be considered as such 
has been demonstrated recently by the work of Hermann and Boss (54) with pig- 
ment granules isolated from bovme cihary bodies by differential centrifugation. 
Exammation of these isolated melamn granules for certam enzymatic components 
has revealed the presence of three oxidative enzymes — dopa oxidase, cytochrome 
oxidase and succmic-dehydrogenase 

One of the most important problems m melanm pigmentation centers around the 
mechanism mvolved m the formation of the characteristic and uniformly shaped 
granules formed withm a smgle melanophore Ever since Remke m 1894 (97) 
pomted out clearly that the melanm granules are composite structures made up of a 
colorless substrate, Pigmentgrundsubstanz or Pigmenttrager, to which the coloring 
matter melanm is attached, numerous statements have been made m the hterature 
regardmg their ongm It was natural that the early mvesbgators, m view of the 
importance assigned to the cell nucleus at the time, should seek to identify the neces- 
sary morphological ground substance (PigmenttrSger or Pigmentbildner) with the 
nuclear chromatm elements The chief exjKment of this view was Aurel von Szily 
(117), who m 1911 published an extensive monograph on the subject He described 
colorless bodies (Pigmenttrager) extruded from the nucleus and denved directly 
from its chromatic elements, which, after wandenng to a more or less jienphera 
position m the ceU, became colored by the action of cell ferments Others tn^ to 
denve the PigmenttrSger from filaments of the protoplasm (38,62) andKxomayer (62) , 
thought he could observe a direct transition of protoplasmic fibers to pigment granu m 
m epithehal cells Later on, as vanous cytoplasmic constituents became 
gated, these elements, particidarly the mitochondna (95, 59) and the hpo on 
(42, 74) were considei^ to be the morphological constituents from whic e 
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finitive pigment granules arose The diversity of opinion was no doubt due to the 
fact that all of the conclusions were drawn merely from fixed and stamed matenal 
which vaned considerably dependmg upon the techmques apphed Interestmgly 
enough, with the discovery m recent years of submicroscopic particles of cytoplasmic 
ongm and of highly complex chemical composition (phosphohpids and nbonucleo- 
proteins) by Bensley (7, 8), Claude (20, 21) and others, attention is now bemg focused 
upon them as possible sources of ongm of melanm pigment granules (61) 

The chief difficulty m formulatmg an hypothesis to account for the formation 
of melamn granules centers m the fact that the chemical composition of melanin is 
not known In fact it is quite probable that all of the substances to which the 
term ‘melanm’ has been apphed are not identical (77) It has been generally ac- 
cepted smce the discovery of tyrosmase by Bertrand, m 1896 (9), that a substrate 
or melanogen and an oxidative emyme are mvolved m melamn synthesis, oxidation 
products resembhng natural melanins have been demonstrated m many animals and 
plants. Histological studies on human and other mammahan sLm led Bloch (15, 
16) to the assumption that melamn is formed by a highly specific enzymatic oxida- ' 
bon of i-dihydroxyphenylalamne (dopa) The enzyme became known as dopa 
oxidase Wffiile Bloch’s results have been substanbated by many workers the 
specifiaty attnbuted by him to dopa oxidase has met with severe criticism (see 
Franke (45) for a short summaiy) The criticism is based mamly on the contenbon 
that the ease with which the reacbon occurs may depend on the ease with which 
dopa IS known to oxidize rather than on the specifiaty of the enzyme present. The 
expenmental results of Figge (41) suggest strongly that m certain amphibians melanm 
pigment formabon is the result of the oxidation of tyrosme by tyrosmase and is 
regulated by a delicate balance of oxidabve and reducbve mechanisms within the 
melanophores 

In recent years Hogeboom and Adams (55) working with cell-free extracts of 
melanobc mouse tumors, which presumably arose from skm pigment cells, obtamed 
two highly specific fracbons one containmg an enzyme which catalyzes tyrosme to 
melanm (tyrosmase), another which catalyzes dihydroxyphenylalanme to melanm 
(dopa oxidase) Also, as previously mentioned, Hermann and Boss (54) have demon- 
strated the acbvity of dopa oxidase m purified melamn granules of bovme ciliary 
bodies Their purified preparabon failed to oxidize tyrosme, hydroqumone and 
catechol unless cytochrome c was added The important pomt in this respect, 
however, is the fact that dopa could be oxidized to form melanm pigment without 
the added cytochrome c These results mdicate that dopa may be oxidized ui vtiro 
by at least two different enzyme systems, one of which is concerned primarily in the 
formabon of melanm The distribubon of cytochrome-c, cytochrome oxidase 
and dopa oxidase as well as the relabve reducmg mtensity of the cells appears to be of 
importance m the formabon of melanm pigment From numerous mvesbga- 
bons but particularly those of Hogeboom and Adams, and Hermann and Boss, 
it appears quite probable that the oxidation of dopa through a system other than 
that of the generally distributed cytochrome oxidase system is the important reac- 
tion m melanm formabon If these interesbng findmgs can be verified m other 
melanm pigment-formmg tissues, we shall hax'e gone a long way towards an under- 
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Standing of the comphcated problem of melanogenesis. It is of mterest to note that 
in both of the aforementioned mvestigations the experimental matenal was rela- 
tively homogeneous and extremely rich m pigment In the hght of these findings, 
the failure heretofore to demonstrate either tyrosmase or dopa oxidase m mammahan 
skm extracts could very well be attributed to the relatively small quantity of the 
enzyme present with respect to the^total volume of tissue concerned 

In view of the fact that durmg the past few years it has become mcreasmgly 
evident that the submicroscopic granules (and the mitochondria) are seats of enzy- 
matic activity and the fact that melanm granules of the cdiary body have already been 
shown to contam several enzyme S3^tems, mcluding dopa oxidase, it may not be 
gomg too far afield to suggest that the submicroscopic granules are the sites of melanm 
S3mthesis Assummg that these speaahzed particulates m the cytoplasm of a 
prospective melanophore (melanoblast) contam the specific enzyme for the oxida- 
tion of the me l a nin precursor, the ultimate melanm granules could be built up by 
an accumulation and subsequent pol3rmerization of the oxidation products, the 
specific size, shape etc dependmg upon the nature of the pol3Tner (See Kopac (61) 
for further discussion m this new and mterestmg direction ) With the progress 
that IS now bemg made m protem and cytochemistry we have every reason to beheve 
that the time is not too far distant when we shall have a satisfactory solution to the 
as yet httle understood process of melanm synthesis 

EMBRYONIC ORIGIN OF THE MELANOPHORES 

In order to arrive at some understandmg of the mterplay of factors, genetic 
and environmental, which are necessarily mvolved m the development of a s)istem 
of pigmentation, it is of the utmost importance to know the source of the pigmentary 
unit, the melanophore For nearly one hundred years a wide variety of histological 
observations on embryonic and adult tissues of every class of vertebrates has been 
brought to bear upon the general problem of melanophore ongm. The theories 
which have been advanced have been reviewed many times See Post (84), von 
Szily (117), Fuchs (46), Biedermann (10-12), Strong (109) and more recently DuShane 
(32, 33) At the present time, it is so clearly established that the neural crest is the 
source of all pigment cells (exclusive of the retmal tapetum) m amphibians, buds 
and mammals that other hypotheses need no longer be considered 

The composite nature of the neural crest is well known Cells destmed to give 
use to a vanety of tissues, m addition to the pigment cells, such as visceral cartilages, 
gangha and sheath cells have been shown by Harrison (51), Stone (108), Horstadius 
and Sellman (58), Adehnann (i), Holmdahl (56) and others to take then ongm from 
the crest. In their early developmental stages the prospective pigment cells (melano- 
blasts) cannot be distmguished either morphologically or histologically from the 
other embryonic cells with which they are associated They are at first without 
pigment and often reach remote positions m the body of the embiyo before showmg 
their characteristic differentiation. For this reason their true ongm cannot be 
ascertamed by the study of serial sections alone — the method used almost exclusively 
until recent years With the mtroduction and perfection of precise techmques, y 
Spemann and his school, for isolatmg and transplantmg regions of the embryo, it 
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became possible to anal3'ze the inherent developmental capaaties of embryonic 
tissues It was primarily through the use of such methods that the neural crest 
origin of pigment cells was, finally, clearly demonstrated 

The amphibians were the first group in which information was ob tamed for 
Imhing pigment cell origin with the crest, and the evidence was gradually accumu- 
lated. Hamson (50), m his study of the growth of nerve fibers m tissue cultures, 
noted that pigmented cells frequently formed from pieces of medullary cord He 
thought then ongm from the ganghon crest likely Later Mangold (75) and others 
and Holtfreter (57) obtamed endence from various transplantation experiments 
with Tnton embryos, which pomted strongly to a neural crest ongm of the pigment 
cells Smce the primary mterest of these mvestigators was directed along hnes 
other than those of pigmentation, it remamed for other experimentalists to furnish 
the conclusive proof 

DuShane (31), working with Amblystoma, found that removal of the neural 
folds (the pnmordia of the neural crest) m the neurula stage resulted later m a total 
lack of pigment cells m the operated (trunk) region, and the isolated folds produced 
numerous pigment cells when grown m culture medium or transplanted to the ventral 
region of another embryo After closure of the neural folds, m tail-bud stages, the 
extirpated aest region transplanted heteroplastically between two pigmented 
embryos mvanably produced pigment cells of the donor type. Smiilar obsenmtions 
were made by Twitty (in) and Twitty and Bodenstem (114) on several species of 
Tnturus and by Raven (86) on Tnton, and confirmed many tunes by subsequent 
workers not only for the crest of the trunk region but also for that of other body 
regions (82) Bytinsky-Salz (18) and Baltzer (3) extended the mvestigations to 
mclude the anurans By means of xenoplastic transplantations, they were able to 
show that the neural crest of the head and trunk regions gives rise to all t}pes of 
pigment cells, guanophores as well as melanophores Also, Barden (5) workmg 
with the amphibian eye demonstrated conclusively that the xanthophores, guano- 
phores and melanophores found m the chonoidea and ms arise from the neural crest 
For a tune there was some question among amphibian workers as to whether the 
melanophores found m the epidermis, which become very conspicuous at metamor- 
phosis and play the major rSle m the pigmentation of the adult m certam speaes, 
were alsopf neural crest ongm. The experiments of Rosm (99) as well as the recent 
experiments of Steamer (107), m which special consideration was given to this ques- 
tion, would seem to leai e no further doubt that m the urodeles the fepidermal melano- 
phores do originate m the neural crest Steamer’s observations have shown further 
that these melanophores are the sole source of the melanm pigment granules which 
are deposited m the epidennal cells At the present time, then, the large body of 
evidence agrees m showing that the neural crest is the source of aU types of pigment 
cells melanophores, xanthophores, guanophores — that develop m various parts of 
the body of an amphibian WTiile the crest as a whole is potentially capable of 
Jiroducmg pigment cells it does, however, exhibit conspicuous differences along its 
cramo-caudal extent with respect to the relatiim number of pigment cells produced, 
the crest of the trunk region is by far the richest source (82) 

In birds, the evidence pertammg to the ongm of melanophores follows sunilar 


388 


MARY E RAWLES 


Volume 38 


lines Doms (29) found that explants including the neural crest of the pre-otic 
region of early chick embryos of several breeds produced typical melanophores m 
culture medium Later (30) she showed that similar isolates transplanted to the 
leg bud of three-day host embryos produced donor coloration m the down feathers 
of the host leg (cf 34, 36, 126) Ris (98), workmg with mtracoelomic and other 
grafts from vanous axial levels of embryos of several varieties of fowl and other 
birds, was able to correlate the presence of pigment cells m the grafts with the 
morphological development of neural crest at the time the isolation was made 
Thus, It was conclusively demonstrated that only those isolates known to contam 
neural crest, the region from which it arises, or its rmgratory ceUs, are capable of 
producmg melanophores m grafts So rehable has this correlation proved that 
pigment-free (white) feathers can he produced, at will, from any potentially pig- 
mented vanety of hird by the simple precaution of excludmg neural crest cells from 
the desired region (90) In an appropriately designed exjienment, Ris (98) was also 
able to determme the ongm of the retmal and chonoidal pigments of the eye m fowl 
The retmal pigment does not occur m branched cells It arises tn stlu The pig- 
ment of the chorioidea (and ms) is, however, produced m characteristically branched 
cells, melanophores, identical with those m the sLm and mesoderm and, like them, 
denved from the neural crest It is worth mentionmg that pigment cells comparable 
to xanthophores, guanophores, hphores etc. m amphibians do not exist m buds 
The important and widely occumng hpochrome pigments found withm the feather 
cells of birds are not produced by specialized migratory pigment-formmg cells 
These pigments are diffuse rather than granular and appear to be of exogenous (plant) 
ongm They are dissolved m the fat droplets deposited mside of the cells of the 
barb ndges pnor to the onset of keratinization (28, 116) 

The only mammalian embryo m which the ongm of melamn pigment-fomung 
cells from the neural crest has actually been demonstrated is the mouse (89, 92) 
The experimental procediue was similar to that used for demonstratmg the ongm of 
melanophores m birds, namely, the isolation of tissues from vanous axial levels at 
different developmental stages and their subsequent transplantation to the embryonic 
coelom of White Leghorn chick hosts Data obtamed from an extensive senes of 
experiments with embryos of a homozygous black stram of mouse have demonstrated, 
clearly, that only those tissues contammg presumptive neural crest, histologically 
recognizable neural crest or cells migratmg from the neural crest, can produce melano- 
phores The fact that well-developed, structurally normal hairs entirely without 
pigment (white) can be obtamed from a potentially pigmented (black) stram of 
mouse, if certam body regions are grafted at a particular developmental stage, 
shows very defimtely that the ectoderm and its denvatives, the hairs, have no 
inherent capaaty for autonomous melanm-pigment formation 

In the remammg vertebrate groups, the fishes and the reptiles, the ongm of 
melanophores has received little attention m spite of the fact that m both of these 
classes of ammak melanophore activity has been mvestigated mtensively wi 
respect to color changes (See Parker (83) for a survey of the mveshgations on 
anunal color changes from the years 1910 to 1943 ) From the recent transplantetion 
experiments of Lopashov (73) on teleost embryos, it is evident that the melanophores 



Odohtr IQ4S 


MELANOPHORES AND PATTERN DEVELOPMENT 


389 


are denved from the anlage of the central nervous system It is highly probable 
that melanophore ongm m fishes and m reptiles, also, is linked with neural crest 
differentiatiom 

While there is no doubt that m the vertebrates mvestigated the pigment-fomung 
cells arise from the neural crest, it should be pomted out that the orgamzation of the 
crest as an embryonic structure is, as yet, httle understood (53) It is not known, for 
example, whether the cells of the crest are plunpotent from the beginnmg and differen- 
tiate accordmg to their later positions or whether their potentiahties are already fixed 
before migration begms The question of cell differentiation is one of the most fun- 
damental and at the same time one of the most obscure problems of all biology The 
neural crest would seem to offer especially favorable material for a study of the dif- 
ferentiation of embiyomc cells mto specific cell types 

inCRATION OF MELANOPHORES 

Havmg demonstrated that melanophores ongmate m the neural crest, the ques- 
tion next arises as to how and when they reach those parts of the body, the skm and 
its derivatives, visceral membranes etc., m which they are later found. Conclusive 
evidence that prospective pigment cells (melanoblasts) reach their destinabons m the 
feather germs of birds by nugrabon has been ob tamed by implanbng small pieces of 
embryomc tissue containmg neural crest cells m the early wmg buds of host embryos 
of a different breed (126) At hatchmg, the plumage of the enbre host wmg, and 
often adjacent regions of the breast, mvanably exhibit the color pattern charactensbc 
of the donor mdividuaL Furthermore, the melanm granules deposited by the grafted 
pigment cells m the host feathers are alwa}^ of the sue, shape and color charactensbc 
of the donor breed, even when the donor represents another order of birds (87) 

In the absence of suitable cytological cntena for recognizmg pigment cells m 
then early impigmented stages, their exact migratory pathways are not known It 
has been possible, however, to ascertam with a fair degree of accuracy the direcbon of 
nugrabon and the bme when these cells reach them defimbve locabons m both chick 
and mouse embryos The general procedure has been to isolate systemabcally van- 
ous pmrbons of the embiyo from different axial levels at successive developmental 
stages (durmg somite f ormabon) and to test the capaaty of such isolates for pigment 
cell producfaon m grafts For example, if the forehmb bud is removed from a 9- to 
loday mouse embryo of a homozj'gous black stram and allowed to conbnue its 
development m a site, such as the coelom of a Wffute Leghorn chick embryo, known to 
be favorable for further growth and differenbabon, it vdl produce hairs entirely 
without pigment (white) If taken a httle later, the idenbcal isolabon will produce 
pigmented (black) haus In the mterval of bme between the two isolabons, prospec- 
tive pigment cells have migrated mto the hmb bud, as evidenced by the presence of 
pigment m the hairs (89, 92) Similarly, the wmg bud of a potentially pigmented 
duck embiym will produce white feathers if isolated before approximately So-hours’ 
mcubation , pigmented feathers after that bme (34, 98) The LmA hmb bud will not 
produce pigmented feathers untH still later, 96 to 103 hours etc. (120, 126) 

Thus by testmg not onl}' hmb buds, but somites, skm ectoderm, mesoderm, 
neural tube ete,, alone and m combmation, it has been possible to demonstrate i) that 
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lines Dorns (29) found that explants including the neural crest of the pre-ohc 
region of early chick embryos of several breeds produced typical melanophores m 
culture medium Later (30) she showed that sunilar isolates transplanted to the 
leg bud of three-day host embryos produced donor coloration m the down feathers 
of the host leg (cf 34, 36, 126) Ris (98), workmg with mtracoelomic and other 
grafts from vanous axial levels of embiyos of several varieties of fowl and other 
birds, was able to correlate the presence of pigment cells m the grafts with the 
morphological development of neural crest at the tune the isolation was made 
Thus, it was conclusively demonstrated that only those isolates known to contain 
neural crest, the region from which it arises, or its nugratory cells, are capable of 
producmg melanophores m grafts So rehable has this correlation proved that 
pigment-free (white) feathers can be produced, at will, from any potentially pig- 
mented vanety of bird by the sunple precaubon of excludmg neural crest cells from 
the desired region (90) In an appropriately designed experiment, Ris (98) was also 
able to deterrmne the ongm of the retmal and chorioidal pigments of the eye m fowl 
The retmal pigment does not occur m branched cells It arises in situ The pig- 
ment of the chorioidea (and ms) is, however, produced m charactensbcally branched 
cells, melanophores, identical with those m the skm and mesoderm and, like them, 
denved from the neural crest It is worth menbonmg that pigment cells comparable 
to xanthophores, guanophores, hphores etc. m amphibians do not exist in buds 
The important and widely occumng hpochrome pigments found withm the feather 
cells of birds are not produced by speaahzed migratory pigment-formmg cells 
These pigments are diffuse rather than granular and appear to be of exogenous (plant) 
ongm They are dissolved m the fat droplets deposited mside of the cells of the 
barb ndges pnor to the onset of keratinizabon (28, 116) 

The only mammalian embryo m which the ongm of melamn pigment-formmg 
cells from the neural crest has actually been demonstrated is the mouse (89, 92) 
The experimental procedure was similar to that used for demonstratmg the ongm of 
melanophores m buds, namely, the isolabon of tissues from vanous axial levels at 
different developmental stages and them subsequent transplantabon to the embryonic 
coelom of White Leghorn chick hosts Data obtamed from an extensive senes of 
experiments with embryos of a homozygous black stram of mouse have demonstrated, 
clearly, that only those tissues cont aining presumpUve neural crest, histologically 
recognizable neural crest or cells rmgratmg from the neural crest, can produce melano- 
phores The fact that well-developed, structurally normal hairs enbrely without 
pigment (white) can be obtamed from a pmtenbally pigmented (black) stram of 
mouse, if certam body regions are grafted at a parbcular developmental stage, 
shows very defimtely that the ectoderm and its denvabves, the hairs, have no 
inherent capaaty for autonomous melamn-pigment formabon. 

In the r emainin g vertebrate groups, the fishes and the reptiles, the ongm 0 
melanophores has received little attenbon m spite of the fact that m both of these 
classes of ammak melanophore activity has been mvesbgated mtensively wi 
respect to color changes (See Parker (83) for a survey of the mvesbgabons on 
animal color changes from the years 1910 to 1943 ) From the recent tran^lan oa 
experiments of Lopashov (73) on teleost embiyos, it is evident that themelanop 
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are derived from the anlage of the central nenmus S3^tem It is highly probable 
that melanophore ongm m fishes and in reptiles, also, is hnked with neural crest 
differentiation 

While there is no doubt that in the vertebrates mvestigated the pigment-fomung 
cells arise from the neural crest, it should be pomted out that the organization of the 
crest as an embryonic structure is, as j^t, httle understood (S 3 ) It is not known, for 
example, whether the cells of the crest areplimpotent from the beginnmg and differen- 
tiate accordmg to their later positions or whether their potentiahties are already fixed 
before migration begins The question of cell differentiation is one of the most fun- 
damental and at the same tune one of the most obscure problems of all biology The 
neural crest would seem to offer especially favorable material for a study of the dif- 
ferentiation of embryonic cells mto specific cell types 

MIGRATION OF MELANOPHORES 

Havmg demonstrated that melanophores ongmate m the neural crest, the ques- 
tion nest arises as to how and when they reach those parts of the body, the skm and 
its denvatives, visceral membranes etc., m which they are later found. Conclusive 
evidence that prospiective pigment cells (melanoblasts) reach their destinations m the 
feather germs of birds by nugration has been obtamed by implantmg small pieces of 
embryomc tissue contammg neural crest cells m the early wmg buds of host embryos 
of a different breed (126) At hatchmg, the plumage of the entire host wing, and 
often adjacent regions of the breast, mvanably exhibit the color pattern characteristic 
of the donor mdmdual Furthermore, the me lanin granules deposited by the grafted 
pigment cells in the host feathers are always of the size, shape and color characteristic 
of the donor breed, even when the donor represents another order of birds (87) 

In the absence of suitable cytological catena for recogmzmg pigment cells m 
their early unpigraented stages, their exact migratory pathways are not known It 
has been possible, however, to ascertam with a fair degree of accuracy the direction of 
migration and the time when these cells reach their definitive locations m both chick 
and mouse embryos The general procedure has been to isolate systematically van- 
ous portions of the embryo from different axial levels at successive developmental 
stages (dunng somite formation) and to test the capacity of such isolates for pigment 
cell production m grafts For example, if the forehmb bud is removed from a 9- to 
loffay mouse embryo of a homozygous black stram and allowed to contmue its 
development masite, suchasthe coelom of a WThite Leghorn chick embryo, known to 
be favorable for further growth and differentiation, it will produce hairs entirely 
without pigment (white) If taken a httle later, the identical isolation will produce 
pigmented (black) hairs In the mterval of tune between the two isolations, prospec- 
tive pigment cells have migrated mto the hmb bud, as evidenced by the presence of 
pigment m the bans (89, 92) Sunilarly, the wmg bud of a potentially pigmented 
chick embryo will produce white feathers if isolated before approximately 8o-hours’ 
mcubation , pigmented feathers after that tune (34, 98) The hmd hmb bud will not 
produce pigmented feathers until still later, 96 to 103 hours etc. (120, 126) 

Thus bj testmg not only hmb buds, but somites, skm ectoderm, mesoderm, 
neural tube etc , alone and m combination, it has been jiossible to demonstrate i) that 
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the direction of migration of melanoblasts is mediolateral and 2) that melanoblasts 
have reached their defimbve locations m all parts of a chick embryo by the 4th day 
of mcubation and m aU parts of a mouse embryo by the 12th day of gestation 

In amphibians, the experimentation has been earned out from a somewhat 
different pomt of vrew Nevertheless, it is evident from the transplantations of Du- 
Shane (31) that melanoblasts have reached their defimtive locabons m the limb buds 
by the late tail bud stage and, from the experiments of Twitty (in) and Twitty and 
Bodenstem (115), it is clear that m normal development melanoblasts show a general 
tendency to imgrate in a medio-lateral direcbon, just as they do m birds and mam- 
mals 

That pigment cells imgrate extensively m their early, unpigmented stages is quite 
evident from the foregomg account In birds there is no evidence that a fuUy drfifer- 
enbated (pigmented) melanophore can shift its posibon to any great extent, even 
when grown m vitro (47) In amphibians the relabonship is not necessarily so ngid, 
at least when the cells are culbvated under certam condibons vn vitro (112, 113) 
However, the observed movements mitiated after the onset of melanm granule for- 
mabon m cultures are by no means comparable to the extensive imgrabons occumng 
normally when these cells are m their unpigmented phases 

It would be important to know the nature of the factors which influence the 
pathways of rmgrabon Are they mtrinsic to the pigment cells themselves or are they 
extrinsic, 1 e imposed by the tissue environment, or both? 

Intrmsic factors have been demonstrated m amphibians (114, 115, 112) and m 
birds (126) Melanoblasts of certam species of amphibian embryos exhibit a marked 
inherent tendency to spread more extensively under idenbcal experimental condibons 
in mvo and in vtlro, than those of other species, and among the white vanebes of fowl, 
White Leghorn melanoblasts show far less abflity to migrate when implanted mto the 
wmg bud of a pigmented host than melanoblasts from any of the so-called recessive 
white vaneties (Wyandotte, Plymouth Rock, Silkie) 

Among extrmsic factors affeebng the migratory acbvibes of grafted melano- 
blasts IS the age of the host embryo Melanoblasts from a three-day chick donor 
embryo implanted to the wmg bud of an older (4-5 days) host, after the hosts 
neural crest cells have already rmgrated mto the wmg bud, as a rule do not leave the 
unplant to produce the extensive area of donor-colorabon m the plumage of the wmg 
of the host, which is observed when younger hosts are used (126) Likewise, the 
imgration of melanoblasts from transplanted neural crest m amphibians is much less 
extensive m older than m younger hosts (115) 

Other conditions m the host, ajiart from age, have been shown to influence mi- 
gration A conspicuous example IS found m Tnturus (ill) Whenever T ^ 
host to either T rmilans or T stmidans, the grafted melanophores do not descen 
below the dorsal margm of the yolk mass of the host while m them normal environ- 
ments or in other host envuonments they do not stop at this pomt Even more pro- 
nounced examples of host influence on grafted melanophores may be found when 
donor and host represent different orders Under the influence of Hyla hosts, 
melanoblasts surpass them normal migratory boundaries and become distributed m 
the ventral body region (2, 4, 64) In birds there is, also, good evidence that cons - 


Orfuitr IP4S 


MELANOPHORES AND PATTERN DEVELOPMENT 


391 


tubonal differences in hosts nnay either favor or restnct the extent of migration of 
donor melanoblasts introduced mto the wmg bud (126) 

The extent of the area of donor-colored plumage, hence the degree of pigment cell 
migration, m wmg bud grafts is controlled to a great extent by the quantity or concen- 
tration of melanoblasts ongmally mtroduced Similar observations have been made 
m amphibians, particularly by growmg neural crest cells m cultures under especially 
deiTsed experimental conditions (112) In fact, Twitty considers this observed 
quanbtative relationship between size of cell colony (population density) and extent 
of migration unportant supportmg evidence for his hypothesis that migration is a 
response to mutual influences exerted by the melanoblasts themselves through the 
release of metabohc substances Accordmg to this conception, melanoblasts would 
contmue to move away from their neighbors imtil spaced beyond the effectiv^e range 
of influence Hence, the larger the ongmal population the greater the distance 
travelled by the mdividual cells m achievmg such spacmg 

The possibihty of purely mechamcal hmdrances to the movements of melano- 
blasts should not be entirely overlooked In birds there is good evidence that a sud- 
den change m the arrangement of cells m adjacent tissues can effectively block 
melanoblast entry (98, 121, 90) , and, with the failure of development of the dorsal fin 
m amphibians, melanoblasts, which normally stop at this pomt, now migrate freely 
across the imd hne (113) It is quite probable that the accumulation of melanoblasts 
at the margm of the yolk mass m certam species of Tnturus and m Tnton belongs m 
this category 

^^’hlle it IS evident that pigment cells are capable of mdependent movements, 
much of their migratory activity is unquestionably dependent upon their contact 
mth certam other cell strains and tissues The fact that melanophores are found 
primarily along surface membranes, e g the basal layer of the epidermis, panetal 
membranes, memnges, walls of blood vessels, walls of sex and urmary ducts etc , is 
significant. (For a discussion bearmg upon the problems of selective cell assoaation, 
tissue affimties etc , the reader is referred to a recent paper of Weiss (122) deahng with 
the general problem of cell spiecifiaty m growth and development.) The possibihty 
that the final distribution of melanophores may be affected by morphogenetic move- 
ments and by growth movement of their tissue substrates must be considered Wat- 
terson (121), m his studies on the development of the feather germ, descnbes a suc- 
cession of changes m melanophore distnfaution which are defimtely correlated with 
morphogenetic movements of the epidermal cells m the organization of barb ndges 
Among amphibian workers it appears to be rather generally accepted that melano- 
phores of the larva can be earned along passively, to some extent, by the rapid 
growth of their tissue substrates (99, 113) Other aspects of pigment-cell migration 
m relation to pattern formation wiU be considered m the following section 

®TERACrnON OF melanophores and tissue environment m THE FORMATION OF 
DEFINITIVE PIGMENTARY PATTERNS 

Most of our knowledge concemmg the development of patterns of pigmentation 
m the vertebrates has come m recent years through experimental studies m two widely 
afferent groups, amphibians and buds As the mvestigations have gradually 
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the direction of migration of melanoblasts is mediolateral and 2) that melanoblasts 
have reached their defimtive locations m all parts of a chick embryo by the 4th day 
of mcubation and m aU parts of a mouse embryo by the 12th day of gestation 

In amphibians, the experimentation has been carried out from a somewhat 
different pomt of view Nevertheless, it is evident from the transplantabons of Du- 
Shane (31) that melanoblasts have reached their defimtive locations m the limb buds 
by the late tail bud stage and, from the experiments of Twitty (in) and Twitty and 
Bodenstem (115), it is clear that m normal development melanoblasts show a general 
tendency to rmgrate m a medio-lateral direction, just as they do m buds and mam- 
mals 

That pigment cells rmgrate extensively m then early, unpigmented stages is quite 
evident from the foregomg account In buds there is no evidence that a fully differ- 
entiated (pigmented) melanophore can shift its position to any great extent, even 
when grown t» vitro (47) In amphibians the relationship is not necessarily so ngid, 
at least when the cells are cultivated under certam conditions tn vitro (112, 113) 
However, the observed movements mitiated after the onset of melanin granule for- 
mation m cultures are by no means comparable to the extensive rmgrations occurnng 
normally when these cells are m theu unpigmented phases 

It would be important to know the nature of the factors which mfluence the 
pathways of migration Are they mtrmsic to the pigment cells themselves or are they 
extrinsic, 1 e imposed by the tissue envuonment, or both? 

Intrmsic factors have been demonstrated m amphibians (114, 115, 112) and m 
birds (i 26) Melanoblasts of certam species of amphibian embryos exhibit a marked 
inherent tendency to spread more extensively under identical experimental conditions 
tn vivo and tn vitro, than those of other species, and among the white vaneties of fowl, 
White Leghorn melanoblasts show far less abihty to migrate when implanted mto the 
wmg bud of a pigmented host than melanoblasts from any of the so-called recessive 
white varieties (Wyandotte, Plymouth Rock, Silkie) 

Among extrinsic factors affectmg the migratory activities of grafted melano- 
blasts IS the age of the host embryo Melanoblasts from a three-day chick donor 
embryo implanted to the wing bud of an older (4-5 days) host, after the host s 
neural crest cells have already migrated mto the wmg bud, as a rule do not leave the 
implant to produce the extensive area of donor-coloration m the plumage of the wmg 
of the host, which is observed when younger hosts are used (126) Likewise, the 
migration of melanoblasts from transplanted neural crest m amphibians is much less 
extensive m older than m younger hosts (115) 

Other conditions m the host, apart from age, have been shown to mfluence mi- 
gration A conspicuous example is found m Tnturus (ill) Whenever T /wonw ^ 
host to either T nvtilaris or T simidans, the grafted melanophores do not descen 
below the dorsal margm of the yolk mass of the host while m then normal environ- 
ments or in other host envuonments they do not stop at this pomt Even more pro- 
nounced examples of host influence on grafted melanophores may be found w en 
donor and host represent different orders Under the mfluence of Hyla hosts, n 
melanoblasts surpass their normal migratory boundanes and become “ 

the ventral body region (2, 4. 64) In buds there is, also, good evidence tha cons 
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tutional differences m hosts may either favor or restrict the extent of migration of 
donor melanoblasts mtroduced mto the wmg bud (126) 

The extent of the area of donor-colored plumage, hence the degree of pigment cell 
migration, in mng bud grafts is controlled to a great extent by the quantity or concen- 
tration of melanoblasts onginally mtroduced Similar observations have been made 
m amphibians, particularly by growmg neural crest cells m cultures under espeaally 
densed eiqjenmental conditions (112) In fact, Twitty considers this observed 
quantitative relationship between size of cell colony (population density) and extent 
of migration important supportmg evidence for his hypothesis that migration is a 
response to mutual influences exerted bj’- the melanoblasts themselves through the 
release of metabolic substances Accordmg to this conception, melanoblasts would 
contmue to move away from their neighbors until spaced beyond the effective range 
of mfiuence Hence, the larger the ongmal population the greater the distance 
travelled by the mdividual cells m achievmg such spacmg 

The possibihty of purely mechanical hmdrances to the movements of melano- 
blasts should not be entirely overlooked In buds there is good evidence that a sud- 
den change m the arrangement of cells m adjacent tissues can effectively block 
melanoblast entry (98, 121, 90) , and, with the failure of development of the dorsal fin 
m amphibians, melanoblasts, which normally stop at this pomt, now migrate freely 
across the mid hne (113) It is quite probable that the accumulation of melanoblasts 
at the margm of the yolk mass m certam species of Tntunis and m Tnton belongs m 
this category 

While it is evident that pigment cells are capable of mdependent movements, 
much of their migratory activity is unquestionably dependent upon their contact 
^th certam other ceU strains and tissues The fact that melanophores are found 
pnmanly along surface membranes, e g the basal layer of the epidermis, panetal 
membranes, menmges, walls of blood vessels, walls of sex and urmary ducts etc , is 
significant (For a discussion bearmg upon the problems of selective cell association, 
hssue affimties etc., the reader is referred to a recent paper of Weiss (122) dealmg with 
the general problem of ceU specificity m growth and development ) The pwssibihty 
that the final distribution of melanophores may be affected by morphogenetic move- 
ments and by growth movement of their tissue substrates must be considered W^at- 
terson (121) , m his studies on the development of the feather germ, describes a suc- 
<^100 of changes m melanophore distribution which are defimtely correlated with 
morphogenetic movements of the epidermal cells m the organization of barb ndges 
Among amphibian workers it appears to be rather generaUj accepted that melano- 
phores of the larva can be earned along passumly, to some e.xtent, by the rapid 
growth of their tissue substrates (99, 113) Other aspects of pigment-ceU migration 
m relation to piattem formation wiU be considered m the foUowing section 

^’TEEACnON OF MELANOPHORES AND TISSUE ENVIRONMENT IN THE FORMATION OF 
DEFINITIVE PIGMENTARY PATTERNS 

Most of our knowledge concemmg the de\ elopment of patterns of pigmentation 
m the \'ertebrates has come m recent years through experimental studies m two mdely 
Cerent groups, amphibians and buds As the m'v estigations have graduaUy 
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broadened it has become more and more evident that the underlymg principles m- 
volved are remarkably similar m both groups In the analyses of pattern formation, 
hoth m the embryo and in the adult animal, the investigations have centered around 
two fundamental problems a) the part played by the mdividual pigment cells and b) 
the part played by the tissues with which the pigment cells become assooated Both, 
as we shall see, figure importantly m the formation of the defimtive pigmentary 
pattern 


Lanai Ampkibtan 

Among larval amphibians there is a general tendency for the melanophores to 
be either uniformly distributed over the dorsal and lateral surfaces of the sonutes or 
confined more or less sharply mto bands or stnpes which have a defimte relation to 
certam regions These observed differences m melanophore distribution do not neces- 
sarily reflect correspondmg differences m the onginal dispersal ofprospecbvemelano- 
phores from the neural crest The most recent evidence mdicates that in Triton and 
Tnturus the characteristic longitudmal stnpes are formed by a secondary rearrange- 
ment of melanophores, ongmally more widely scattered over the lateral surfaces of 
the somites (99, 113) Aside from characteristic differences m melanophore arrange- 
ment or pattern we find also among the vanous species differences m melanophore 
number There is evidence that many of the prospective melanophores which 
migrate from the crest are not self-differentiatmg but require some stimulus or mate- 
rial contnbution from other cells, notably the ectoderm, m order to produce pigment 
granules (52, 31, 27, iii) Fmally, charactensbc differences exist m the morphology 
of the pigment cells themselves — quahtative differences such as size, type of branch- 
mg, color or tone, number of granules etc 

By exchangmg segments of neural folds contauung the crest, m early develop- 
mental stages, it IS possible to mtroduce melanoblasts of species exhibitmg one char- 
acteristic type of pigmentation mto mdividuals exhibitmg a different type without 
changmg the topographical arrangement of the tissue environment Thus it can be 
determmed to what extent the pattern produced by the foreign pigment cells develops 
accordmg to origm and to what extent it is influenced by the foreign host tissues 
When such transplantations are made between embryos of three closely related 
species of Tnturus and their hybnds, the resultmg pattern produced by the grafted 
melanophores m the region of the host mto which they are mtroduced (usually the 
trunk) IS mvanably a duphcate of the type found m the donor mdividual (irr, 114) 
Prospective pigment cells of T lorosiis, for example, form their normal banded pat- 
tern m either T stmtlatis or T rtvtdarts hosts, si^arly, pigment cells of T sttnilans 
or T nvtdarts form their characteristic non-banded patterns m T torosits hosts 
The only evidence of any environmental influence on the donor melanophores m these 
transplantations is seen m them distnbution at the border of the yolk mass In 
iorosus hosts, grafted melanophores from either nmclarts or simtlaiis fail to descen 
below the dorsal margm of yolk mass as they would m them normal envmonments 
From these expenments it would appear that the pattern of melanophore distribution 
IS determmed primarily by properties mtrmsic to the pigment cells 

When such studies were extended to mclude mtergenenc combmations e een 
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either Amblystoma and Triton (99) or Amblystoma and Tnturus (114, 115) interest- 
ing modification of the basic pattern not observed m the above interspecific trans- 
plants became apparent. Under such conditions the pattern produced by the grafted 
cells does not foUow so closely that of the donor type The paired bands produced 
by Tnton pigment cells in the black axolotl, Amblj^toma, for example, are less 
sharply defined than those of the normal Tnton donor, and m the reciprocal combina- 
tion, the axolotl pigment cells, which m their normal environment become uniformly 
distributed, show a shght tendency to aggregate m Tnton hosts m the regions where 
Tnton bands would normally form. In transplantations from Amblystoma to 
Tnturus the grafted pigment cells show a decided tendency to migrate ev en beyond 
the graft region mto adjacent host areas where they tend to suppress the development 
of the host’s melanophores, thus bnngmg about subsequent modifications m melano- 
phore arrangement. 

WTien the exchange of crest is made between donor and host still further apart 
phylogenetically, such as between anurans and urodeles (3, 4, 64), the pattern formed 
by the grafted cells bears even less resemblance to that of the donor type In such 
cases the final distribution of the grafted melanophores is tremendously influenced by 
the environment of the foreign host In all of the aforementioned expienments the 
morphology of the mdividual, grafted melanophores is not altered They retam 
their specific characteristics as regards size, color mtensity, branching etc and can be 
readily distinguished from those of the host. The primary change which occurs, 
therefore, is one affectmg their orientation mto distmctive patterns 

From the results of transplantations, the xenoplastic type especially, it is evident 
that factors extrinsic to the melanophores do play an important part m the formation 
of the defimtive pigmentary pattern What are these factors? Undoubtedly they 
are many and vaned, a few have been somewhat clarified 

By appropriate transplantations between T torosus and T iorostts-T simtlam 
hybnds, it has been shown that the factors which condition the peculiar distribution 
of melanophores at the dorsal margm of the yolk mass are located m the mesoderm 
of the flank (27) The nature of the harrier’ is not known The possibiht}'' of its 
bemg a purely mechamcal block to pigment cell movements has already been men- 
tioned. 

It IS to be expected that normal organic relationships would be of great impor- 
tance m pattern formation and this has been shown to be true In the absence of 
somites, for example, the melanophores of Tnlurtis torostis cannot assume their 
normal orientation mto bands, but remam scattered (in, 113) This clearlj’- mdi- 
cates that the specific orientation of melanophores, e g rearrangement mto bands m 
torosus, IS a result of mteraction between them and their normal tissue substrate 
On this basis it may be possible to explam some of the unusual arrangements occumng 
when melanophores are grafted to widel}’- unrelated mdividuals where great differ- 
ences m substrate must exist. The results of such transplantations mdicate that 
melanophores respond to foreign tissues m a particular way which differs from the 
response normally given under their own eniTronmental conditions The response, 
howe\ er, that can be gix en is m accordance with the specific set of reaction potencies 
mherent to the melanophore — 1 e provided by its genic composition 
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Additional evidence that the rearrangement of melanophores is conditioned by 
the character of the substrate has been obtamed from tn mlro experiments (113) 
Outgrowths of T iorosits melanophores adhenng to the glass cover slip do not undergo 
rearrangement mto dense clusters nearly so readily as those adhenng to the inner 
surface of a hangmg drop of medium Such experiments further show that rearrange- 

ments do not take place at all unless the melanophores attam their normal degree of 
differentiation, 1 e have become fully pigmented In physiological salt solution T 
iorosns melanophores differentiate slowly and incompletely and remain permanently 
scattered In peritoneal fluid, on the other hand, where conditions for complete and 
normal pigment differentiation are provided, a subsequent rearrangement mto dense 
clusters, never observed m the sahne cultures, occurs This rearrangement appears 
to be brought about by tensions exerted by the melanophores upon one another by 
the retraction of the filamentous processes connectmg the neighbonng cells (112) 
How do such findmgs apply to the hvmg organism? 

It has been demonstrated that m the normal embryo prospective pigment cells 
differentiate m a definite sequence (115) Pigmentation begins anteriorly and pro- 
ceeds gradually posteriorly This sequence appears to be referable to a correspond- 
mg antero-postenor differential m the organic environmental factors mfluencmg 
melanm pigment formation, smce melanophores onginatmg from posterior pieces of 
crest grafted to antenor levels differentiate at the tune appropriate for theu new 
position Similarly it has been demonstrated that conditions affectmg the time of 
pigment formation are graded along the dorso-ventral axis If the rearrangement of 
melanophores is dependent upon a requisite degree of differentiation, as the »» xniro 
experiments would seem to mdicate, then melanophores situated along the dorsal 
margins of the myotomes would be the first to fulfill the conditions necessary for re- 
arrangement Outlymg melanophores as they m turn become differentiated would 
gradually be drawn doisally towards the region where the tensions, brought about by 
the retraction of the mterconnectmg processes, first develop, 1 e along the dorsal 
margms of the myotomes (113) 

In T nintlans the melanophores retam their mitial diffuse arrangement through- 
out larval hfe They are inherently mcapable of a bandformmg response under all 
of the tn vtvo and tn mlro conditions so far tested In view of the results with T 
iorostis, it has been suggested (113) that m T rtmdarts the development of the pig- 
ment cells remams arrested below the level at which the mechanism of reaggregation 
can be set mto play Accordmg to such an mterpretation the contrastmg behavior 
of the two species of cells is based on differences which are purely quantitative or rela- 
tive m nature 'Whatever the differences may be, they are clearly referable to factors 
withm the pigment cells themselves, smce the melanophores of each species reproduce 
their characteristic pattern when transplanted to a host of the other species 

The distnbution of melanophores is markedly affected by differences in growth 
rates between donor and host species/ Pertment evidence may be found m examples 
already cited, where crest is exchanged between Amblystoma and Tntiuns embryos 
-"of the same age The identical effect, 1 e the spread of donor melanophores beyon 
the graft region and the subsequent prevention of host melanophores from entenne 
the areas occupied by the grafted melanophores, can be reproduced m embryos avmg 
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the same mherent growth rates if crest from older embryos is grafted orthotopically 
to younger hosts (115) One is led to suspect that at least some of the xmusual dis- 
tribution of pigment cells ansmg m the anuran-urodele transplantations is related to 
speaes diifferences m growth rate 

The importance of local, environmental factors in the development of the defini- 
tive pigmentary pattern m another body region, the eye, has been demonstrated by 
Barden (5) By combmmg pigment cells and optic vesicles between species exhibit- 
ing marked differences m ms pattern, he was able to show that the resultmg pattern 
followed that of the individual which furnished the structural elements of the eye 
1 e the pigment pattern m the iris is controlled by factors located m the ins 

ADTTLT AUPHIBIAJJ 

The adult amphibian pigmentary pattern is conspicuously different from the 
larval In general the adults are more mtensely pigmented Some like Tnlurtis 
iorosus darken more or less unif ormly and no longer show any mdication of the larval 
stnpes Others like Amblystoma ttgnnum and pimclatum develop characteristic hght 
spots on the darkened background Recently Steamer (107) has studied histologi- 
cally, m several speaes of Urodeles, the sequence of changes m the development of the 
cutaneous pigmentary system, pnor to and durmg metamorphosis, which lead to the 
formation of the definitive adult pattern She has been able to identify certam stel- 
late, unpigmented cells m the subdenrus and dermis, which occur m close association 
with the melanophores The evidence, although somewhat mdirect, indicates that 
some if not aU of these cells are potential melanophores Some differentiate before 
they migrate mto the dermis but the majority enter m the undifferentiated state and 
later form melanin. The ratio of pigmented to unpigmented cells (ob tamed from cell 
counts of a unit area at vanous developmental stages) is found to be smaller m the 
advanced larva than it is after metamorphosis is completed Durmg metamorphosis, 
the number of melanophores mcreases rapidly while the number of unpigmented cells 
shows a general decrease The developmental changes m pigmentation described by 
Steamer, both m a normal senes and in a senes with transplanted neural folds, mdi- 
cate that a simple relation exists between subdermal, dermal and epidermal melano- 
phores which makes it highly probable that all of these cells arise from one cell type 
Accordingly, the only distmction between melanophore fypes is one based on them 
position at a given tune WTiether this holds for certam anurans where a pecuhar 
type of adepidermal melanophore, fimctionmg as a supportmg net work m larval 
stages, has been described (18, 39) is not clear Studies on anurans such as those 
made by Steamer on urodeles are obviously needed to settle this pomL 

The mcrease m melanophores at metamorphosis and then appearance m regions 
where they had hitherto not appeared has been obsened m ammalg with exchanged 
segments of neural folds (114) For example, transplanted melanoblasts of Atnhly- 
sloma. pitnclatum ongm remam undifferentiated, hence produce no pigment m the 
ventral region of the trunk of Tnturus lorosjis hosts imtd metamoiphosis At this 
time they differenUate m large numbers and form the typical donor spotted pattern 
m T lorosiis hosts which are normally uniformly pigmented Such results show, 
without any question, that the melanophores which appear at metamorphosis are 
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denved from the neural crest and mdicate, further, that many are held over m an 
undifferentiated (unpigmented) state imtil activated by the metabohc changes ac- 
companymg metamorphosis Although mitoses have been observed m melanophores, 
it is doubtful whether the phenomenon is common enough to accoimt for the rapid 
mcrease observed at this time 

Histological study of the development of the pigmentary system reveals that 
many unportant changes take place before the onset of metamorphosis The devel- 
opment of the dermis, for example, is completed before metamorphosis is begun (107) 
In some forms (Amblystoma), the striking color change is brought about not only by 
an mcrease m the number of dermal melanophores but by their rearrangement withm 
the dermis, just below the epidermis, to form a more complete layer instead of a loose 
network Although some melanophores are present m the epidermis they are rela- 
tively few m number The typical yellowish spots result from an aggregation of 
hpophores m the epidermis and a shght decrease m number of underlying melano- 
phores of the dermis In other forms {T torosies) the unif orm brown pattern, charac- 
tenzmg the metamorphosed animal, is brought about by a large mcrease m the 
number of qiidermal melanophores which m this species play the major r 61 e m adult 
pigmentation Dermal melanophores are present but they are usually contracted 
and are masked by the heavy pigmentation of the epidermis 

In T tororns, Steamer observed migration of melanophores from the dermis mto 
the epidermis throughout the larval period, but found it to be particularly promment 
at the time when the mcrease of epidermal melanophores is most rapid It appears 
that the morphology of these melanophores is modified by the epidermal environment 
Their highly branched processes extend for long distances between the epidermal cells 
Most mterestmg is the observation that the ends of the processes penetrate the 
epidermal cells, pass over the outer side of the nucleus and form a caplike arrange- 
ment of pigment granules This mtunate relation, together with the close correlation 
between the presence of epidermal melanophores and melanin m epidermal cells, 
suggests strongly that the melanophores are the source of the melanm pigment gran- 
ules occurrmg m the epidermal cells and, thus, strengthens the relationships m this 
respect between the amphibians and birds and mammals, mcludmg man In view 
of the observations of Rahn (85) on the deposition of melanm pigment m the epider- 
mal cells of the skm of the rattlesnake by melanophores, reptiles may, also, be added 
to the hst On the basis of our present knowledge it is quite improbable, m fact, that 
the epidermal cells of the mtegument of any vertebrate are inherently capable of 
autonomous melanm pigment formation. 

Birds (Fowl) 

The plumage of birds is characterized by a succession of feather types pertaining 
to defimte stages of the life history In all birds there is a shaip distmction between 
down feathers and feathers of the definitive plumage (contour feathers) Down 
feathers are nearly always uniformly colored while defimtive feathers may display a 
wide variety of coloration 

The present status of our knowledge leads to the view that melanm pigmen on 
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patterns are the result of the mteraction of two separate and distinct components 
the melanoblasts which produce the pigment granules and the feather germ or papiUa 
which produces the structural elements of the feather WTien a feather begins to 
form, these two components are for the first time brought together Their relation- 
ships in the pigmentation process may be more clearly imderstood by considermg 
bnefly the mechanism of feather formation 

The feather arises from a specialized unit of skin, the papilla, located at the base 
of the folhcle All feather parts, shaft, barbs and barbules, are derived from the 
epidermal component of the papilla which becomes specialized to form a nng or collar 
of embryomc cells enorchng the rather massive dermal component. Differentiation 
of the feather parts progresses from the apical margm of the epidermal collar The 
apex of the feather is formed first, successively more basal regions are added by the 
contmuous proliferation of the cells of the collar until the entire feather is formed 
(see Lilhe and Juhn (68, 69), LiUie and Wang (70), Lilhe (66, 67) for details) When 
a feather is shed or plucked the dermal papiUa covered by a thin laj^er of epidermal 
‘regeneration’ cells is left behmd From these cells a new collar forms which 
gives rise to new feather portions In contrast to the epidermal component of 
the papilla which forms anew with each feather regeneration, the dermal papilla re- 
mams as a permanent body If it is removed, the epidermis of the folhcle cannot 
regenerate a feather (70) The dermal papilla functions as a feather ‘mductor’ and 
detemunes the symmetry and onentation of the feather (70) The specific type of 
feather mduced is dependent upon the tract ongm of the overlymg epidermis (118) 
A saddle feather papilla, for example, from which the epidermal cells have been 
removed, transplanted to an empty breast folhcle produces a breast feather from the 
epidermal ‘regeneration’ cells of the breast folhcle and vice versa Intact breast or 
saddle papillae, on the other hand, retam their specifiaty m folhcles of either tract 
(118) 

If pigmentation is to take place, prospective melanophores must enter the epider- 
mal pnmordia of the feather elements Their entry may be blocked, experimentally, 
m which case the feather develops normally, but remains unpigmented (90) Hie 
most recent evidence mdicates that neither the epidermis nor the dermis of the papilla 
harbors melanoblasts permanently, but each successive generation of feathers ac- 
ijuires a new complement via the dermal papilla from a ‘reservoir’ of stem cells 
(melanoblasts) located withm the dermis external to the folhcle (43) (There is some 
evidence from recent m vttro experiments (76) which would lead us to beheve that 
the dermis exerts an mhibitoiy influence on the differentiation of melanoblasts mto 
melanophores ) Smee pigment cells enter the epidermal collar m an undifferentiated, 
colorless stage they cannot be detected until pigment granules begm to form This 
occurs m a particular region, the zone of differentiation (125) just antenor to the distal 
portion of the collar where the prohferatmg epidermal cells are bemg organized mto 
barb ndges Above this zone melanophore arrangement becomes definite and 
orderly As the cells of the barb ndges gradually attam a certam degree of differ- 
entiation, characterized by the onset of cell elongation and keratmization, pigment 
granules are released from the tips of the melanophore processes or branches mto the 
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cytoplasm of the feather cells (109, 121) Each melanophore deposits pigment 
granules in only a smgle small region of the feather durmg a limi ted time m develop- 
ment, after which the melanophore ceases to function as a hving cell The completed 
feather, then, represents a mosaic of enormous numbers of pigment granules laid down 
by many separate and distmct melanophores 

The respective r 61 es of the melanophores and the feather germ m the formation 
of the definitive color pattern have been analyzed by combuung melanophores of 
mdividuals of species exhibitmg one type of color and pattern with feather germs of 
mdividuals exhibitmg a diflterent color and pattern Such combmations have been 
accomplished by means of a vanety of methods i) By graftmg melanoblasts from 
numerous sources (neural crest, prospective neural crest, skm ectoderm, mesenchyme 
and from developmg barb ndges of regeneratmg feathers) to host hmb buds, pnor to 
the entrance of migratory neural crest cells (30, 35, 126, 87, 88, 80, no) 2) By 
graftmg prospective Innb buds (prior to the entrance of crest cells) to the coelom of 
pigmented hosts, thus mtroducmg prospective melanophores from the parietal Immg 
mto wmg skm and feather germs (34, 91) 3) By graftmg areas of wmg skm and 

down feathers, experimentally freed of melanoblasts, to the backs of newly hatched 
host chicks (90) 4) By exchangmg areas of back skm between two newly hatched 

chicks (25, 22) s) By transplantmg feather germs (papillae) between adult mdi- 
viduals (119) Irrespective of the immediate source of the melanoblasts or the 
method of mtroducmg them mto foreign feather germs, the results have been con- 
sistent m showmg that the melanophores produce their specific color and pattern m 
homologous feathers of varieties normally exhibitmg an entirely different color and 
pattern Combmations have been made between all of the common varieties of 
domestic fowl (mcludmg bantams) and other fowl such as pheasants, gumea fowl etc 
and even several of the common song birds In all cases melanophores from varieties 
with uniformly colored or white plumage (Black or Buff Mmorca, Black or White 
Sdkie, etc ) always produce their characteristic uniform color patterns Melano- 
phores from vancolored varieties (Brown L^om, Pheasant, Gumea, Rohm, etc ) 
likewise produce their characteristic vancolored patterns, mterestmgly enough, 
melanophores from males and females of vaneties showmg sex-lmked differences m 
plumage pattern (Barred Plymouth Rock, Rhodelsland Red — BarredPlymouthRock 
cross) also produce then respective male and female types of piattem m whatever host 
feather germs they are mtroduced The sex genotype of the feather germs m which 
the melanophores function has no effect on the final pattern produced (127, 128) 
Microscopic exammation of the barbules of the resultmg feathers of the graft- 
region revealed that the transplanted foreign melanophores deposit m the feather celb 
melanm granules characteristic of their own particular species (126, 87) It shorn 
be pomted out that all of the white varieties of fowl tested (Leghorn, Wyandotte, 
Plymouth Rock, Silkie) possess melanoblasts which, upon bemg transplanted to 
feather germs of pigmented hosts, enter and occupy defimte positions m the feather 
germ where they differentiate mto melanophores However, such melanophores e 
at a low level m the feather germ before they can deposit pigment m the fearer ar 
or barbule cells, hence the feather is white The tn vitro studies of Hamilton (47; 
have shown that the melanoblasts of the white feathered vaneties are all poten y 
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capable of synthesizing black melanm grannies, but are characterized by a lower 
viabihty and a higher sensitivity to adverse environmental conditions than those from 
pigmented varieties For a discussion of the causal relationships between viabihty 
differences and whiteness in feathers see Hamilton (47), Wilher and Rawles (126) and 
Wiflier (125) 

While the large body of data agree m showmg that the genotypic constitution of 
the melanophores is the controllmg factor in phenotypic egression of color and pat- 
tern, it IS also clear that the migration of precursor melanophores mto the feather germ 
and their differentiation and arrangements mto definitive patterns are not autono- 
mous but influenced to a great extent by a vanety of extrinsic factors Skin graf tmg 
experiments have danonstrated that the mvasion of melanoblasts is controlled by the 
sLm and feather germs Areas of melanoblast-free skm, transplanted soon after 
hatchmg to normal host chicks, are readily mvaded by melanoblasts from the sur- 
roundmg host skm (90) But, melanoblasts from the host do not mvade a skm graft 
contanung its normal complement of melanoblasts (except occasionally at the mar- 
ffins as evidenced by the presence of mosaic colored feathers, Danforth (22, 23) Such 
results mdicate that some constant ratio between the cells of the skm (and feather 
germs) must be established and mamtamed durmg the process of pigmentation 
Foulks (43) has shown that m a normal regeneratmg feather germ the rate of melano- 
blast-migration from the dermis differs at different stages durmg the process of 
regeneration and, m down feathers, Watterson (121) found that pigmentation is due 
solely to descendants of melanoblasts which penetrate the feather-fonnmg epidermis 
durmg a very limited mterval of time m development It has been established fur- 
ther that conditions withm the feather germ determme the orderly arrangement of 
melanophores, the duection of outgrowth of melanophore-branches and the time of 
acceptance of pigment granules (Watterson (121) and others) 

Other physiological properties of the mdividual feather germs such as position 
on the body (tract location), growth rates etc act as modifymg factors and affect the 
details of the basic type of pattern produced by the melanophores of a particular 
genotype Regional differences m feather pattern may be readily observed by exam- 
ming the plumage of any bi- or multicolored bird In a normal adult Barred Plym- 
outh Rock, for instance, all the feathers are barred, yet the width and clanty of the 
bars, relative amounts of black and white etc. vary considerably m feathers from diff- 
erent regions such as wmg, tail, breast or back. Each shows its own characteristic 
type of barrmg WTien melanoblasts from a Barred Plymouth Rock (embryo or 
adult) are mtroduced mto the developmg feather germs of a non-barred mdividual 
(Black Mmorca, N H Red, WTute Leghorn) these same characteristic differences m 
the quahty of the barrmg appear m homologous feathers of the graft-region Sum- 
larly, melanoblasts from a non-barred mdividual, e g New Hampshire Red, migratmg 
into feather germs of Barred Rock or I^Tute Leghorn ongm, produce m saddle feathers 
the sobd red uniform pattern characteristic of the normal New Hampshire Red saddle 
feathers, m wing feathers the black and red splotched pattern characteristic of 
homologous Nen Hampshire Red wmg feathers etc (90) 

The black and red response always given by New Hampshire Red melanoblasts 
in certam wmg feathers of different genotypes (Barred Plymouth Rock, tVhite Leg- 
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hom), in contrast to the all red response m either breast or saddle feathers, is of par- 
ticular interest as regards the course of differentiation of red and black melanophore 
types The presence of these two distinct types of melanophores in the plumage of 
many other vaneties of domestic fowl such as Brown Leghorns, Rhode Island Reds, 
Silver Campmes and various hybrids, and the marked changes m their relative num- 
bers and distnbution which may occur with age, hormonal and nutntional changes, 
have led to much speculation regardmg then developmental relationships Since 
this topic has been discussed m detail by Willier (124, 125) and Wilher and Rawles 
(127)1 it need only be mentioned here that the available evidence supports the view 
that the two types, red and black, differentiate dnectly from a common precursor 
ceU (melanoblast) rather than the view that red melanophores are merely blacks 
whose development has been arrested before they reach the black stage It would 
appear, then, that melanoblasts of any black-red genotype are potentially capable of 
differentiatmg mto either black melanophores synthesizing and depositing black, 
rod-like melanm granules m the feather parts or red melanophores synthesizmg and 
depositmg reddish sphencal granules the locus of differentiation, 1 e the epidermal 
substratum of the particular feather germ or region of the feather germ m which the 
melanoblast differentiates, determmes which of these two potencies is realized Once 
a melanoblast becomes fixed (segregated) as to type, black or red, it cannotchangeto 
the opposite type Transitional types have never been observed (24, 48, 81, no) 

It should be emphasized that there is no correlatioa between the locus of ongm 
of the melanoblasts and their differential response to feather germs of vanous body 
regions Melanoblasts from any region or level — m fact, even melanoblasts from the 
panetal hnmg which normally would never enter feather germs — mtroduced mto an 
area of wmg skm, produce m the feathers the color and pattern characteristic of wmg 
feathers (91) The same prmciple holds for feathers of other regions, breast, saddle 
etc Such results lead to the conclusion that m the undifferentiated, melanoblast- 
stage, pigment cells of any one genotype are all alike 

Rhyllmtc Patterns — Barring Not only is there a constant reaction between 
melanoblasts and feather germ, but also reactions between the mdividual melano- 
blasts withm the feather germ The importance of such reactions m the formation 
of rhythmic, barred patterns has been emphasized by Nickerson (80) on the basis of 
results from a special study of the Silver Campme and the Barred Plymouth Rock, 
varieties of fowl exhibitmg two genetically and morphologically distmct types of 
black and white barrmg In view of the attempts that have been made to esplam 
the rhythmic pattern formation m barred fowl without considermg the melanophores 
as a distmct part of the pattem-produemg system, the recent work of Nickerson 
deserves more than passmg mention 

Nickerson found that melanoblasts from the Silver Campme and Barred Ply™~ 
outh Rock mtroduced mto feather germs of White Leghorns always produced barrM 
patterns with the barrmg-penod characteristic of the donor These findmgs m ^ 
cated strongly that the penodicity is mtnnsic m the melanophores It was obse^ 
further, by appropriate isolation tests, that the prospective white bands or bars o e 
developmg feather contamed melanoblasts potentially capable of differentiatmg an 
depositmg pigment granules m feathers, 1 e , the whiteness of the white ban is no 
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due to an absence of pigment cells, but to their failure to differentiate and deposit 
pigment granules In the h^t of these observations it vras suggested that the bar- 
nng rh}^thm is controlled through the medium of some diffusible, metabohc substance, 
produced by the active melanophores m the black band, which inhibits pigment 
synthesis by the melanoblasts m the subjacent differentiating barb ridges of the 
prospective white band. As the barb ndges form and mcrease m length, the source of 
the inhibitor (black-band) becomes progressively removed from the zone of differen- 
tiation with a consequent dimmution m concentration of the inhibiting substance 
When the concentration falls below the threshold of inhibition, the next senes of 
melanoblasts begms to differentiate and to synthesize and deposit pigment m the 
feather parts With the production of pigment, inhibitor substance will agam be 
formed and the cycle repeated imtil feather differentiation is completed. The above 
mechanism possesses the characteristics necessary for the production of a time rhythm 
which must arise as the resultant of the action of two opposed forces i) the production 
of the inhibitor which fluctuates with pigment production and 2) its gradual decrease 
m concentration with tune and with distance from the center of production Also, 
the epidermal cylmder of the feather germ, which is devoid of vascular circulation, is 
an ideal medium for the action of such a mechanism Strengthenmg evidence that 
the production of pigment by the melanophores is an important factor m the control 
of barnng rhythms is found m the fact that the phase of bar formation m a feather 
germ at any given time is dependent upon the length of time from the beginning of 
pigment deposition m the feather rather than upon its total age 

In contrast to the Silver Campme, the bar gene of the Barred Plymouth Rock is 
sex-lmked — the female is the hemizygous sex Smce the white bars or bands are 
wider m the male than m the female pattern of the Barred Plymouth Rock, it would 
appear that the melanoblasts are inhibited over a greater expanse of developmg barbs 
when the genotype is male than when it is female This mdicates that either the 
threshold of inhibition is lower m male melanoblasts than m female or that the former 
produce the inhibitor m greater quantity than the latter It is to be expected that 
some such differences m reactivity could show up with differences m genotype (see 
Willier and Rawles (128) for a discussion of the effects of sex-lmked genes on the 
expression of melanophores m the formation of sexually different pigmentation pat- 
terns of feathers of the Barred Plymouth Rock) 

As mentioned previously, the details of the barred pattern are modified by many 
factors mvolvmg both the melanophores and the epidermal substratum of the feather 
germ m which they function Nickerson tested the vahdity of his diffusion hypothe- 
sis by an analysis of the effects of vanabons m growth rates, barb ndge size, pigment 
intensity etc on the defimtive barrmg pattern. In general, the hypothesis appears 
to be adequate for explaimng the observed differences m barring exhibited by different 
mdividuals and by different feathers of the same mdividuaL The nature of the m- 
hibitmg substance, however, remams for subsequent work to eluadate As Nicker- 
son suggests, it may prove to be non-specific, perhaps some substance or substances 
which act by altermg the redox potential and consequently the melanm pigment pro- 
ducbon of the melanophores (cf 41) 
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hom), in contrast to the all red response m either breast or saddle feathers, is of par- 
ticular interest as regards the course of differentiation of red and black melanophore 
types The presence of these two distinct types of melanophores in the plumage of 
many other vanebes of domestic fowl such as Brown Leghorns, Rhode Island Reds, 
Silver Campmes and various hybnds, and the marked changes m their relative num- 
bers and distribution which may occur with age, hormonal and nutritional changes, 
have led to much speculation regardmg their developmental relationships Since 
this topic has been discussed m detail by Wfllier (124, 125) and Whher and Rawles 
(127)1 it need only be mentioned here that the available evidence supports the view 
that the two types, red and black, differentiate directly from a common precursor 
cell (melanoblast) rather than the view that red melanophores are merely blacks 
whose development has been arrested before th^r reach the black stage It would 
appear, then, that melanoblasts of any black-red genotype are potentially capable of 
differentiatmg mto either black melanophores S3mthesizing and depositmg black, 
rod-like melanm granules m the feather parts or red melanophores s)mthesizmg and 
depositing reddish sphencal granules the locus of differentiation, 1 e the epidermal 
substratum of the piarticular feather germ or region of the feather germ m which the 
melanoblast differentiates, determmes which of these two potencies is realized Once 
a melanoblast becomes fixed (segregated) as to type, black or red, it cannot change to 
the opposite type Transitional types have never been observed (24, 48, 81, no) 
It should be emphasized that there is no correlation between the locus of ongm 
of the melanoblasts and their differential response to feather germs of various body 
regions Melanoblasts from any region or level — m fact, even melanoblasts from the 
parietal hnmg which normally would never enter feather germs — mtroduced mto an 
area of wmg skm, produce m the feathers the color and pattern characteristic of wmg 
feathers (91) The same prmciple holds for feathers of other regions, breast, saddle 
etc Such results lead to the conclusion that m the undifferentiated, melanoblast- 
stage, pigment cells of any one genotype are all alike 

Rhythmic Patterns — Barring Not only is there a constant reaction between 
melanoblasts and feather germ, but also reactions between the mdividual melano- 
blasts withm the feather germ The importance of such reactions m the formation 
of rhythmic, barred patterns has been emphasized by Nickerson (80) on the basis of 
results from a special study of the Silver Campme and the Barred Plymouth Rock, 
varieties of fowl exhibitmg two genetically and morphologically distmct types of 
black and white barrmg In view of the attempts that have been made to explam 
the rhythmic piattem formation m barred fowl without considermg the melanophores 
as a distmct part of the pattem-produemg system, the recent work of Nickerson 
deserves more than passmg mention 

Nickerson found that melanoblasts from the Silver Campme and Barred 
outh Rock mtroduced mto feather germs of White Leghorns always produced 
patterns with the bamng-penod characteristic of the donor These findmgs m - 
cated strongly that the penodicity is mtrmsic m the melanophores It was 
further, by appropriate isolation tests, that the prospective white bands or bars 0 e 
developmg feather contamed melanoblasts potentially capable of differentiatmg an 
depositmg pigment granules m feathers, 1 e , the whiteness of the white ban s is no 
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lEmaviHg areas of dorsal and ventral skm from colored and albmo donors at birth (or 
sei’eral days earlier) and transp lantin g them to ventral and dorsal regions, respec- 
tnely, of new-bom hosts of a different color genotype, Reed (93) and Reed and 
Henderson (94) succeeded m combmmg pigment-cells of one genotype with hair 
germs of a different genotype In all cases^ hairs at the penphery of the grafted area 
of skm, in a zone a millim eter or more m width, developed the color characteristic of 
the host genotype (Other hairs of the graft developed the ongmal, donor color 
showmg concluswely that donor melanoblasts were alread}’’ present m the skin at the 
tune of its removal ) Such results can be explained only on the basis of melanoblast 
migration That the host-colored hairs of the graft are not the result of replacement 
of the grafted epithebum by that of the host is evident from distmct differences m the 
morphology of hair types developmg from dorsal and ventral skm The hairs of the 
grafted skm develop always accordmg to ongm These and more recent experiments 
with other epithelia (13) show that the replacement h}TX)thesis of earber n orkers is 
no longer tenable 

Owmg to the fact that many of the genotypes mvestigated by Reed, and Reed 
and Henderson displayed color differences m the hair coat of dorsal and ventral body 
regions, the data (if the wnter may mterpret them) illustrate further an important 
pomt that rmght otherwise have been overlooked, namely, that the color pattern 
produced m the grafted hairs by the mvadmg host melanophores is a replica of that 
found m the hairs of homologous regions of the host For instance, melanoblasts 
from the ventral, tan, region of a black-tan host mvadmg a graft of dorsal skm from 
a colored or an albmo donor, produce m the dorsal hau-s black, not tan, coloration, 
similarly melanoblasts from the dorsal, black, region of a black-tan host mvadmg a 
graft of ventral skm of a different genotype, produce m the ventral hairs tan, not 
black, coloration Thus the genotype of the melanoblast provides it with the capac- 
ity to develop mto a melanophore which synthesizes either black or tan pigment, the 
epidermal cells of the hair pnmordia determme which one of the two capacities is 
realized. The same prmciple holds for the vanous other genotypes tested 

As we have already seen m the foregomg section, the identical situation exists m 
fowl It wiU be recalled that host melanoblasts from the saddle region of a Xew 
Hampshire Red mvadmg the wmg feathers of a wmg skm graft of Barred Pl3'mouth 
Rock ongm, placed m the saddle region, produce m the wmg feathers the characteris- 
tic red-black mottled color pattern of the wmg, not the solid red color pattern of the 
saddle feathers (see page 399) 

In hooded rats the migration of melanoblasts mto the prospectne white haus 
developmg from a piece of skm from the ventral region of the body grafted autoplasti- 
cally at birth to a dorsal, prospective black region has been demonstrated by experi- 
ments of the w nter now m progress Owmg to the fact that hairs dev elopmg from 
dorsal and v eiitral areas of skm e.xhibit certam morphological differences (size, texture 
etc.) and retam these structural characterisbcs after transplantation to another loca- 
tion, the grafted area is easilj distmguishable Results show that the pigment cells 
which in dorsal hairs produce a jet-black color pattern, produce m the adjacent 
grafted hairs of v entral ongm a dark-grey color pattern This latter color is charac- 
teristic of the hairs of small v entral spots or flecks occurrmg now and then m normal 
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Mammals {Mouse, Ral, Guinea Fig) 

While the development of pigmentation pattern m mammals has not been ana- 
lyzed nearly as thoroughly as that of birds the experimental results as far as they go 
are m complete agreement This is to be exjiected on the basis of sunilanties existing 
m the ongm and properties of the melanophores and m the formation and funcbon 
of the specialized mtegumentary derivatives, the feathers and the bans, which m both 
of these groups are the structures primarily concerned m the development of the 
definitive pigmentation It has already been pomted out that prospective melano- 
phores of the mouse arise from the neural crest and are distributed to all parts of the 
body by extensive migration durmg early stages m embryomc development Trans- 
plantation experiments have shown that by the twelfth day of gestation these cells 
are present m all piortions of the body (92) Many potential melanophores undoubt- 
edly do not undergo diflPerentiation Since thq^ cannot be distinguished from ac- 
companymg embryonic cells prior to melanm S3m thesis httle is known of their history 
In order to participate m haur pigmentation, prospective pigment cells must make 
their way mto the epidermal pnmordia of the hair elements In their absence a 
structurally normal hair can be formed but it cannot become pigmented (89, 92) 
Hairs hke feathers are bemg constantly shed and replaced throughout life Each 
follicle gives rise to a succession of hair generations, each of which requires a new com- 
plement of melanophores So far, little is known of the immediate source of this new 
complement or how and when durmg hair regeneration the melanoblasts enter 
Presumably they enter via the dermal papilla smce it is the only permanent compo- 
nent of the folhcle The pigment cells make their first appearance m the rapidly 
drvidmg matrix cells of the hair bulb surroundmg the papdla They deposit pigment 
granules mto the hair cells m a manner similar to that descnbed for the feather and 
for other epithehal cells (g6, 60, 37, 78, 6, 130) After completmg their pigmentary 
function the melanophores degenerate as keratinization of the hair cells sets m In 
order to provide pigment for each additional part of the hair as it m turn differen- 
tiates, melanophores, obviously, must be contmuaUy supphed at the growmg base 
The completed hair, like the feather, contams numberless melanin granules deposited 
by many different melanophores functionmg at different time mtervals durmg ham 
development Thus, any variations or fluctuations m pigment-formmg activity of 
the melanophores will be recorded m the deposition of the pigment granules It was 
pomted out by Lfllie (67) several years ago that “There is no more convement or 
accurate record than the feather once one has learned how to identify the locus of 
reaction m the germ with the result m the finished feather, m short, to read its auto- 
biography ” The same statement holds for the ham The usefulness of the pigment- 
granule-record m the finished ham for analyzmg the nature of the action of vanous 
genes on the pigmentation process m the mouse has been demonstrated recently y 
Russell (100) In view of the numerous methods that have been employed m ^e 
past to analyze pigment-gene action m mammalian skm and ham, this me 0 0 
approach is of particular mterest and promise 

In the mouse as m fowl, melanoblasts, by vmtue of them migratory 
mvade areas of grafted normal skm under proper expenmental conditions iw 
has come from homoplastic transplantations of imdifferenbated mouse s 
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fonzaticn. In thegnmea pig br contrast, the o dermis of the entire body ns iveil ns 
that destmed to form hp-rr may become pigmented or at any rate, is rnitentialjy 
capable of permitting melanophore drnerentiaticn Smce most of the morkers mtn 
goniea pig skm tran^lants, mth the enxqition of See\-ers and Spencer (ret"' appear 
to agree that tne cnp.gmented shm enithelnim of a xrhite area of the bodi graited to 
apigmeated area elserrhere on the same mdnndnal does gradualh become pigmented 
the question arises as to rrhether thit; result is due to the migration of undifferentiated 
(co’ories) melanophorES from the surrounding skin or to an ‘actimtion of those 
^^r^y present m the rviute r^on. Thepnnapal argument which has been brought 
against melanohlast migiaPon (70) appears to be based on the assumption that 
melanoblasts already present m an area of skm prerent the entrance of others This 

not necessarily follow In the mouse, for instance, we know that melanobiasts 
^ present m the prospectrre skm of all regions of the bod\ b}' the twelfth da\ of 
gfistation. Yet, skm transplanted seixral before birth before anr follicular 
differentiation has begun, and which certainly contains melanobiasts, does receix e 
other melanobiasts from the surromidmg skm of the host. Proof has come from 
hansplanting skm between donors and hosts of different color genota'pes (homoplastic 
hanspkntatioiis) and has already been discussed (pp 400—403) That host melano- 
hbsts mrade the graft is, of course, eandenced by the fact that donor hairs dm elop 
Ihe color-pattern of the host genotype. The fact that colored hairs de\-elopmg m an 
sJbmo skm graft, for example, are mxaxiabh' the color of the host and not the masked 
color of the albmo genotype (94) is extreme^* ‘d ama ging’ to any ‘actimtion’ concep- 
tion. The question ohmouslx' cannot be settled for the gumea pig bj the use of 
autoplasbc grafts m the adult, near-adult or juvenile animal In mew of present-daj 
^ds the ‘infectixe cellular transformation’ fajpothesis of Billmgham and Medawar 
VH, r4a) and iledawar (79) has a certain appeal particularh in e.vplaimng their spe- 
cific results, yet this hj^pothesis has most certainly not disproxed or brought mto 
^i^credit the known facts regardmg melanophore migration clcarh cstabhshed bj 
much careful and pamstakmg research with amphibians, birds and other mammals 

COVCLtlSIOX 

From the data reviewed m this paper we are led to conclude that in the \ erte- 
^rates, m general, melanm pigmentation m its great x-anetj of forms is produced bi 
one tj’peofhighly specialized cell, the melanophore, which ongmates m tlie embn onic 
neural crest That the melanophores found in all of the x ertebrates arc homologous 
cells is endenced bj their ongm, by their capacity for extensn e migration m their 
early undifferentiated fmelanoblast) stages ."ben mdistmguishable from mcsenclmiie 
ceEs, bj their general morphology and physiology and, abox e all, b\ tlicir cajiacilx 
to ^-nthesize melanm pigment granules and deposit them m epidermal cells The 
<Jata mdicate strongly that all melanobiasts of any one mdixidual arc mitialK alike 
nnd potentially capable of synthesizmg melanin granules Whether or not this potui- 
hahty is realized depends to a great extent upon the particular tissue substrate \x ith 
vrhich they become associated, m other words, their locus In the lower, cold-blooded 
^'nrtebrates, differentiation of melanobiasts into melanophores is, m general, wade- 
spread and occurs m a x-anety of deeper visceral tissues, m the dermis and m the 
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individuals of this strain So, here again, as in the mouse, we have a demonstration 
of a variation m pigment-cell response ehcited by hair germs onginatmg m a different 
body region 

In contrast to the results with undifferentiated skm of new-hom mice and rats, 
the hairs regeneratmg from unpigmented areas of adult (or nearly adult) gmnea pig 
sLm transplanted autoplastically to pigmented regions do not become mvaded by 
melanoblasts from the surroundmg Skm (105, 40, 65) In many cases, m fact, the 
hair does not regenerate at all (40, 65) The difference m residts can no doubt be 
attnbuted to the tremendous difference m the developmental age and the physiologi- 
cal condition of the sLm at the tune of transplantation Even at birth a gmnea pig 
IS much ‘older’ than a new-born rat or mouse The work with new-born skm grafts 
m both the mouse and the rat suggests that melanoblasts from the surroundmg skm 
become mcorporated m the grafted foUicles at a particular time m development, 1 e. 
durmg the process of folhcular organization Evidence of a s imilar nature is available 
m birds Watterson (121), for instance, found that melanoblasts enter developmg 
feather germs only durmg a very limited jienod of tune durmg the formation of the 
feather germ Danforth’s beautiful skm transplantation experiments have shown, 
further, that feathers regeneratmg from areas of skin exchanged at hatchmg between 
two chicks of different color genotypes, retam their ongmal color and pattern mdefi- 
mtely (In the chick the organization of the feather papillae is completed approxi- 
mately 10 days pnor to hatchmg ) At the margms of the graft, however, where 
certam fofhcles occasionally undergo reorganization durmg the process of ‘heahngm , 
melanoblasts which have mvaded the grafted skm do get a chance to enter and be- 
come mcorporated m the feather germ, as evidenced by the formation of mosaic 
feathers of both donor and host color The evidence, then, pomts to the view that 
durmg the early differentiation of feather or hair papillae some balance or equihbnum 
between the melanoblasts and the hair- and feather-formmg epidermal cells is estab- 
lished and mamtamed Followmg this period of stabilization melanoblast entry is, 
somehow, blocked 

While the experimental evidence mdicates thAt melanoblasts can enter hair (and 
feather) papiUae only under certam physiological conditions correlated with develop- 
mental age, this does not necessarily hold for the more generalized epithehum of the 
■;kin which IS not concerned with hair formation In fact, numerous mvestigators 
(19, 72, loi, 104, 102, 40, 65, 13, 14) have reported that white skm epithehum from a 
spotted black and white gumea pig becomes black after it is grafted to a black region, 
black skm grafted to a white area slowly blackens that of the white area surroundmg 
it Such experimental evidence mdicates that the epidermal epithehum of the skm 
proper is potentially capable of receivmg melanoblasts from an adjacent area after the 
skm IS fully differentiated 

In regard to the development of melanm pigment m the epidermal epithehuin 
the skm, attention must be called to certam differences that are found normally e- 
tween mice and rats and gumea pigs which show up, also, m skm grafts In e 
mouse and rat the epidermal epithehum does not become pigmented Except or 
certam relatively hairless regions, such as ears, nose, tail, soles etc , 
differentiation is restncted to the specialized epidermal cells concerned with 



Odcbtr i^S MELANOPHORES AND PATTERN DEVELOPMENT 


405 


fonnatjon In the guinea pig, by contrast, the epidermis of the entire body as well as 
that destined to form hair may become pigmented or, at any rate, is potentially 
capable of permittmg melanophore differentiation Smce most of the workers with 
guinea pig skin transplants, with the exception of Seevers and Spencer (105), appear 
to agree that the unpigmented skm epithehum of a white area of the body grafted to 
a pigmented area elsewhere on the same mdmdual does gradually become pigmented, 
the question arises as to whether this result is due to the migration of undifferentiated 
(colorless) melanophores from the surroundmg skm or to an ‘actuation’ of those 
already present m the white region The prmcipal argument which has been brought 
ugamst melanoblast migration (79) appears to be based on the assumption that 
melanoblasts already present m an area of skm prevent the entrance of others This 
does not necessarily follow In the mouse, lor instance, we know that melanoblasts 
w present m the prospective skm of aU regions of the body by the twelfth day of 
gestation. Yet, skm transplanted several days before birth, before any follicular 
differenPabon has begun, and which certainly contams melanoblasts, does receive 
other melanoblasts from the surroundmg skm of the host Proof has come from 
transplaiitmg skm between donors and hosts of different color genotypes (homoplastic 
transplantations) and has already been discussed (pp 402-403) That host melano- 
blasts mvade the graft is, of course, evidenced by the fact that donor hairs develop 
the color-pattern of the host genotype The fact that colored hairs developmg m an 
albmo skm graft, for example, are invariably the color of the host and not the masked 
color of the albmo genotype (94) is extremely ‘damagmg’ to any ‘activation’ concep- 
tion. The question obviously cannot be settled for the gumea pig by the use of 
autoplastic grafts m the adult, near-adult or juvenile animal In view of present-day 
trends the ‘infective cellular transformation' faypiothesis of Bilhngham and Medawar 
(14, 14a) and Medawar (79) has a certam appeal particularly m e-xplammg their spe- 
cific results, yet this hypothesis has most certainly not disproved or brought mto 
discredit the known facts regardmg melanophore migration clearly established by 
rauch careful and pamstakmg research with amphibians, birds and other mammals 


CONCLUSION 

From the data reviewed m this paper we are led to conclude that m the verte- 
brates, m general, melanm pigmentation m its great vanety of forms is produced by 
one type of highly specialized cell, the melanophore, which ongmates m the embiyomc 
neural crest That the melanophores found m all of the vertebrates are homologous 
cells IS evidenced by their ongm, by their capaaty for extensive migration in their 
early undifferentiated (melanoblast) stages when mdistmguishable from mesenchyme 
cells, by their general morphology and physiology and, above all, by their capacity 
to synthesize melanm pigment granules and deposit them m epidermal cells The 
data mdicate strongly that aU melanoblasts of any one mdividual are mitially alike 
and potentially capable of synthesizing melanm granules Whether ornot tbispoten- 
bahty IS realized depends to a great extent upon the particular tissue substrate ivith 
which they become associated, m other words, their locus. In the lower, cold-blooded 
vertebrates, differentiation of melanoblasts mto melanophores is, m general, wide- 
spread and occurs m a vanety of deeper visceral tissues, m the dermis and m the 
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mdividuak of this stram So, here again, as in the mouse, we have a demonstration 
of a variation m pigment-cell response ehated by hair germs onginating m a different 
body region 

In contrast to the results with undifferentiated skin of new-born mice and rats, 
the hairs regeneratmg from unpigmented areas of adult (or nearly adult) gumea pig 
skm transplanted autoplasbcally to pigmented regions do not become mvaded by 
melanoblasts from the surroundmg rfkin (105, 40, 65) In many cases, in fact, the 
hair does not regenerate at all (40, 65) The difference m results can no doubt be 
attributed to the tremendous difference m the developmental age and the physiologi- 
cal condition of the skin at the tune of transplantation Even at birth a gumea pig 
IS much ‘older’ than a new-born rat or mouse The work with new-born skm grafts 
m both the mouse and the rat suggests that melanoblasts from the surroundmg skm 
become mcorporated m the grafted folhcles at a particular tune m development, 1 e. 
durmg the process of folhcular organization Evidence of a similar nature is available 
m buds Watterson (121), for instance, found that melanoblasts enter developmg 
feather germs only durmg a very limited pienod of tune durmg the formation of the 
feather germ Danforth’s beautiful skm transplantation expienments have shown, 
further, that feathers regeneratmg from areas of skm exchanged at hatchmg between 
two chicks of different color genotypes, retam them ongmal color and pattern mdefi- 
mtely (In the chick the oigamzation of the feather papillae is completed approxi- 
mately 10 days pnor to hatchmg ) At the margms of the graft, however, where 
certam f ofhcles occasionally undeigo reorganization durmg the process of “healmg m , 
melanoblasts which have mvaded the grafted skm do get a chance to enter and be- 
come mcorporated m the feather germ, as evidenced by the formation of mosaic 
feathers of both donor and host color The evidence, then, pomts to the view that 
durmg the early differentiation of feather or hau papillae some balance or equihbnum 
between the melanoblasts and the hau- and feather-formmg epidermal cells is estab- 
lished and mamtamed FoUowmg this period of stabilization melanoblast entry is, 
somehow, blocked 

While the experimental evidence mdicates thdt melanoblasts can enter hau (and 
feather) papiUae only under certam physiological conditions correlated with developi- 
mental age, this does not necessarily hold for the more generalized epithehum of the 
gkiTi which IS not concerned with hau formation In fact, numerous mvestigators 
(19, 72, loi, 104, 102, 40, 65, 13, 14) have reported that white skm epithelium from a 
spotted black and white gumea pig becomes black after it is grafted to a black region, 
black skm grafted to a white area slowly blackens that of the white area surroundmg 
it Such experimental evidence mdicates that the epidermal epithehum of the skm 
proper is potentially capable of recervmg melanoblasts from an adjacent area after e 
skm IS fully differentiated , 

In regard to the development of melamn pigment m the epidermal epithe 0 
the skm, attention must be called to certam differences that are found norm^’ 
tween mice and rats and gumea pigs which show up, also, m skm grafts 
mouse and rat the epidermal epithehum does not become pigmented ^ 

certam relatively hauless regions, such as ears, nose, tail, soles etc , m 
differentiation is restricted to the specialized epidermal cells concerned wi 
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epidermis In the higgler, warm-blooded vertebrates melanophore differentiation is 
much more limited and occurs primarily m the epidermis and its specialized denva- 
tive, feathers and hair Associated with the development of these keratinized epider- 
mal structures is the loss of the abihty of the melanophore to shift its contents m 
effectmg color changes 

Like any other embryomc ceU of the mdrvidual, the melanoblast is endowed with 
a complement of genes and its development and ultimate differentiation are dependent 
upon the activity of these genes, subject at all times to correlative influences from 
adjacent or contiguous tissues and to mfluences from the external enviroiiment 
While the action of genes m the control of morphological and color patterns m general 
has not been completely clarified, there is much evidence that genes act by detemim- 
mg the presence or absence of specific enzjmies which guide metabohc processes along 
particular paths or channels (129) 

The mterpretation, towmids which recent mvestigations on the development of 
melanm pigmentation m the vertebrates appear to be leadmg, is that color patterns 
arise through a constant mteraction between melanoblasts and their tissue substrates 
and to reactions between the melanoblasts themselves The complement of genes 
with which a melanoblast of a particular genotype is endowed, provide it with certam 
reaction potencies which determme the particular type of reqionse that can be ehcited 
by a particular tissue substrate (125) The physiological condition of the substrate 
may be uifluenced or ‘conditioned’ by numerous factors, hormones, vitamins and 
various stimuh from the external environment, such as temperature, hght etc 
Changes m the physiological condition of the substrate can ehat changes or modifica- 
tions m melanophore resjmnse, but the specific response is always m accordance with 
the genic constitution of the melanophore 
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T he kuubee and vabeett of anbepileptic therapies suggested in the past (200) 
reflect the frustration of generations of healers confronted by the ‘Sacred 
Disease’ Today, when considerable hope can be extended to the epilepbc 
patient, the armamentarium of chmcaUy acceptable anticomnilsants does not exceed 
10 useful preparations As yet the laboratorj' methods for screening potentially 
useful agents are highly empirical, and the probabaitj’- that any one such agent will 
receive chmcal vahdation is small 

It IS not the purpose of this review to recount the vast hterature on clmical effects 
of the host of drugs which have been tned, in order to rank them m a sort of populanty 
poll, nor even to cover all the known physiological effects of the most useful agents, 
seekmg a thread of consistency in the tangle of unrelated and desultory obsenrations 
At the moment it seems more profitable first to make a frontal attack on the problem 
of the seizure itself — its mechanism rather than its treatment, then to exanune the 
crucial pomts in this mechanism which might be advantageously blocked by drugs, 
and finally to discuss some of the typical actions and structural chemical relations of 
the clmically useful antiepileptic agents 

MECHANISM OF SEETORES 

That excessive electrical stimulation can produce seizures was demonstrated in 
the i87o’ 3 by Fntsch and Hitzig (62, 103) and by F emer (56) m their classical explora- 
tions of the exatable cortex of experimental animals Such studies gave strong con- 
firmation to the speculations of John Hughlings Jackson (106) on the imtiation and 
spread of convulsive activity m the human bram After more than 70 years, one can 
hardly improve today upon Jackson's deductions, based on his exhaustive inquines 
mto aura, onset and pattern of seizures, post-ictal recovery of function and assoaated 
mterseizure signs of neurological lesions His primary emphasis was upon the rfile 
of focal lesions m the vanous convulsive disorders (pp 185, 255) The functional 
aberration of the discharging lesion was well defined by Jackson half a century before 
the advent of electroencephalography “Epilepsy is the name for occasional, sudden 
excessive, rapid and local discharges of grey matter” (p 100) He inferred that nor- 
mal bram tissue could partiapate m the convulsive activity imtiated by the abnormal 
focus, leading to generalization of a seizure (p 239) He removed the problem of loss 
of consaousness during petit mal or major seizures from the realm of metaphysics and 
•concentrated instead on the effect of excessive discharge upon the anatonucal sub- 

1 Ongmal mvestJgabons reported in this communication were supported by gnmts-m-aid of re- 
search from the Division of Research Grants and Fellowships of the National Institutes of Health, 
D S Pubhc Health Service. 
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pretation of convulsive disorders on the basis of wave-form m the electroencephalo- 
gram (71) has progressively yielded to the JacLsoman emphasis on the value of 
localization of the dischargmg lesion (72, 108) Thus psychomotor or psychical 
seizures have come to be recognized as partial seizures with a focus in either the tem- 
poral or frontal lobes (67, 158, 161) Likewise seizures of the petit mal toad have 
been referred to subcortical midhne foci (104, 109, 161) which may be ather the seat 
of a lesion or activated secondarily from other sites 

Not only has electroencephalography confirmed Jackson’s concept of occasional 
sudden, excessive and local discharges, but the more refined electncal studies by 
Adrian and Moruzzi (2, 155) on single neurones of the pyramidal tract have shown 
that the seizure discharges are also of high frequency, thus completing Jackson’s 
defimtion The importance of these high frequency discharges, eliatable by chemical 
or excessive electncal stimulation, has been emphasized by Moruzzi, particularly 
with reference to the manner of mvasion of normal bram by excessive activity from 
a focal lesion 

The anatomical pathways for spread of seizure discharges have been most exten- 
sively studied by Rosenblueth et al (lySy 176), who used focal stimulation and elec- 
tncal recordmg m animals, them work provides an excellent basis for understandmg 
of the march of an aura and other seizure prodromata, as well as for the generally 
recognized tendency of lesions m some cortical areas to produce convulsive disorders 
more readily than m others 

Since lesions of the bram do not invanably result m convulsive disorders and 
because the lesion may be constantly present whereas the seizures are mtermittent, 
the special character of the epileptogemc lesion has received sporadic attention 
Certam mvestigators have stressed mstabihty of the bram as a whole, characterized by 
sensitivity to changes m such factors as blood gas tensions (68, 71) The Montreal 
group has placed emphasis on the vascular abnormabties which are demonstrable at 
the frontiers between normal bram tissue and areas of scarring, etc , they mew seizures 
as the end-result of progressive neural injury produced by vascular spasm {160) 
Another pomt of view is that of Cannon and Haimovici (27), who extended the prm- 
aple of sensitization by denervation to mclude the effects of endogenous acetylchohne 
upon neurones sensitized by loss of afferent connections withm the bram Evidence 
for this view is not lackmg (156, 192) 

Most discussions of the nature of seizure foci seem to imply that there is present a 
collection of pathologically altered neurones which fire excessively when exposed to 
normal stresses Another piossibihty mvolves the concept of normal neurones ex- 
posed to the abnormal stresses of restocted blood supply, etc and thus forced to 
discharge excessively But a third possibihty might well be kept m mmd If pre- 
vious focal mjury should have permanently destroyed the smallest (and usually most 
vulnerable) neurones of a portion of a nerve net, then one might predict from the 
Brooks-Eccles hypothesis (24) a stable hyperactive region which is depnved of its 
mtemal inhibitory mechanisms and therefore capiable of respondmg excessively This 
view obviates the necessity for mvokmg abnormal stress or pathological alteration 
of function in the mdmdual neurones When one considera the monotonous regu- 
larity of seizures m many patients, contmumg for years with no evidence of pro- 
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Stratum required for more complex nervous function (p 205) The occurrence of 
post-seizure depression of function became, m Jackson’s hands, a useful anatomical 
tool and also gave theoretical supfiort to the concept of excessive discharge during a 
seizure (pp 145, 183) 

Other contemporary advances m the analysis of mechanism of seizures came 
largely from animal experimentation Both electncal (7, 60, 141) and chemical 
methods (64, 125) were used focally for the production of experimental seizures m the 
latter half of the last century These experiments raised a new problem Why, m 
view of the ease with which seizures could be mitiated, did not the activity of neurones 
m ordinary behavior result m wholesale cerebral explosions? It was necessary to 
mvoke the concept of inhibition The possible r 61 e of inhibition m preventing the 
appearance of seizures was apparently first recognized m 1881 by BubnoffandHeiden- 
hain (25) They reasoned that stimulation of the gray matter oidmanly produced 
excitation and inhibibon m equal amounts and that the latter restricted the spread 
and cut short the duration of excitation. Accordmg to this concept, seizures occurred 
either because of excessive stimulation or because, for other reasons, the ratio of exa- 
tation to inhibition became greater than umty 

The idea that inhibitory processes must be exceeded by exatatory events to 
permit the transition from normal behavior to seizures has an inner logic mdependent 
of the mechamsm of the inhibitory process A revolutionary conception of the nature 
of this transition was proposed m 1906 by Shernngton (181) He postulated a trans- 
formation of inhibition mto excitation under the influence of convulsant drugs or 
excessive stimulation (p 112) His examples were drawn not only from spmal cord 
experiments but also from studies on cerebral cortex (p 292) 

In spite of the most refined modem methods of electncal recordmg, the mech- 
anism of mhibition has contmued to be highly controversial (24, 135, 172) The 
BrooLs-Eccles (24) hypothesis of inhibition contains many imphcabons for the prob- 
lem of seizures, smce it contemplates the possibility that the same short cells which 
ordmanly inhibit passively can exate actively if they are made to tr ansm it impulses 
Thus an anatonncal basis is laid for the Gargantuan leap of Shernngton from inhibi- 
tion to excitation 

The r 61 e of inhibition m the self-regulation of cortical exatabihty through re- 
entrant circuits has been vigorously championed by McCulloch (145) The existence 
of gross inhibitory areas m the cerebral cortex, operatmg upon cortex through extra- 
cortical mechanisms, has been convmcmgly demonstrated by Dusser de Barenne and 
McCulloch (42) It would be more difficult to demonstrate a much finer mechanism 
of inhibition wi thin cortex itself and yet the variety of human expenence demands an 
mtracortical mechanism such as that postulated by Bubnoff and Heidenham and ana- 
tomically specified by Brooks and Eccles Certamly one feature which distmguishes 
a major seizure from normal behavior is the cataclysmic loss of anythmg resembling 
normal reciprocal inhibition even at the lowest levels of nervous mtegration (96) 

The development of methods for the recording of the electncal activity of e 
human bram has provided convmcmg evidence for Jackson’s surmise that abrupt an 
excessive discharges are characteristic of seizures and of epileptogemc lesions (i , 7^> 
108) It IS mteresting to note that an earher enthusiasm for classification and m er- 
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more t^an a day or two, when perse\ erance might haw resulted m complete control 
of seizures The tendency to reserve clinical tnal of new agents for refractor)’- pa- 
tients whose seizures ha\ e resisted all ordinarj therapj (147) places an undue burden 
of proof on the test agent 

Smce it IS highl) impracfacable and potenball) dangerous to test the anticon- 
vulsant action of new drugs directly upon patients -without pre hminar y screening and 
assay, \anous laboratory methods ha\e been erolved for such ei-aluation For the 
most part, the)-- ha\x been based on the unquestioned assumption that a chmcally 
effecti\-e antiepfleptic agent must raise threshold for experimental seizures however 
mduced. Onl}’- to a limi ted extent have methods been \-aned m order to examme 
more mtirally the possible mechanisms of anbconiuilsant action 

In general, the methods for imtiation of experimental seizures fall mto three 
classes i) dectncal, 2) chemical and 3) the production of chrome epileptogemc 
lesions 

i) Sedncal For studies of drug action, Albertom (7) and Bikeles and Zbys- 
zewsLi (19) used faradic stimulation of the cerebral cortex through the trephmed 
skull, the latter mvestigators employed rdatively prolonged stimulation (30 sec.) 
Schilf (178) adopted Jeflmek’s method (iro) of stimulation through comeal electrodes 
and measured seizure threshold for alternating current apphed for o 5 seconds 
Spiegel (185) also used comeal electrodes, but measured threshold with both time 
and mtensity as vanables, expressmg threshold m ampere-seconds Memtt and 
Pu tnam (148) apphed rectangular pulses of direct current for 10 seconds through 
skull and mouth electrodes, as did l^oefel and Lehmann (120) Kozelka and Hme 
(122) and later Alles ei al (8, 9) employed alternating current of fixed strength, shock 
duration rather than current was vaned m their threshold determinations BdrSny 
and Stem-Jensen (14, 15) passed altematmg current through electrodes placed m 
the external auditory meatus and, m contrast to previous workers, determmed the 
effects of drags on seizure threshold for both long and short penods of stimulation. 
In addition, they observed the action of drags on seizure pattern as well as upon 
seizure threshold The reviewers (205) also directed attention to the effect of anti- 
con-vulsant agents ujxm seizure pattern eiiated by supramaximal shoiis, mdepend- 
ently of their effect on threshold, and mtroduced an assay method based on their 
observations, they later extended this method to studies on the action of drags on 
seizure pattern m non-epileptic human patients undergomg electroshock therapy for 
pychiatnc disorders (204) Hemphill and Walter (99), KahnowsLy and Kennedy 
(114) and Garaadiego (65) had previously studied the effect of antiepileptic drags 
on electroshock seizures m man, but directed then- attention to changes m threshold 
rather than seizure pattern Swmyard et al (198) mtroduced the techmque of arti- 
ficially lowermg seizure threshold by hydration of experimental animnls m order to 
study the protecti-ve action of anticon-vulsant drags 

2) Chemical Albertom (7) should probably be credited with the first attempt 
to analyze the eflScacy of an anticonvulsant drag (bromide) by means of convulsant 
agents as well as by electneal methods Accordmg to Morazzi (135), Landois (125) 
apphed oeatme to the cerebral cortex of experimental animals, m the earhest attempt 
to produce focal seizures by chemical means Baghom and Magmm (ri) mtroduced 
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gressive neurological damage, one is tempted to consider the possibihty of a stable 
focus of this architectural type 

Penfield and Enckson (159) accept Foerster’s characterization of epilepsy as not 
a disease sm generis, but rather as a characteristic response of the central nervous 
system to a noxious stimulus, which for its development ordinarily requires a pre- 
disposmg lesion and a precipitatmg factor Among the physiological precipitatmg 
factors should be considered changes m the pa, pOj, pCOj, total osmotic pressure and 
electrolyte composition of the fluid envmonment of bram cells, as well as changes m 
body temperature Endocrme disturbances, nutritional deficiencies and exogenous 
chenucal substances may activate a dormant lesion Thus a multiphaty of factors 
may play upon the bram, predisposed by acqiured mjury or inherit^ defect, to pro- 
duce the manifestations of a seizure Therefore it should not perplex the physician 
that patients with identical seizure patterns may often respond quite differently to 
treatment 

In summary and in extrapolation, both clmical and experimental evidence sug- 
gests that even small groups of neurones, vanously damaged, may give rise to exces- 
sively rapid and uncontrolled bursts of discharges Under certam favorable circum- 
stances these may cause neighbormg cells or related centers to discharge excessively 
The critical step m the process of secondary mvolvement may be the appearance of 
high frequency discharges, the transformation of passive inhibitor cells into exators, 
or both By such a process of self-propagation the entue bram may be set afire m 
a tomc-clomc seizure, or the conflagration may be retamed withm bounds to produce 
manif estations dependent upon its anatomical base Other centers may then be 
driven mdirectly without themselves participating m the production of seizure dis- 
charges In such a case the centers bemg driven will not be expected to show post- 
seizure depression Perhaps this is the meaning of the characteristic cortical elec- 
tncal signs and unconsciousness of petit mal, which disappear as abruptly as they 
began, leavmg behmd no sign of cortical mvolvement 

METHODS FOR STUDY OF ANTICONVUISANT DRUG ACTION 

The ultimate test of anticonvulsant action must necessarily use patients as test 
matenal The difference m respionse of different convulsive disorders to a particular 
medication, well illustrated by the specifiaty of tnmethadione for seizures of petit 
mal type (128, 131), makes accurate diagnosis an absolute prerequisite for adequate 
evaluation of the clmical worth of new drugs, particularly m patients with multiple 
seizure types Certam comphcations of clmical tnal may tend to discnmmate for 
or'agamst a particular anticonvulsant For example, the effects of addition of an- 
other agent to an established schedule of medication may give an exaggerated im- 
pression of the separate worth of the added drug, smce synergism may occur, as with 
tnmethadione and diphenylhydantom (17) or phenobarbital and diphenylhydantom 
(32) If the previous medication is too abruptly withdrawn, particularly m the case 
of phenobarbital, the mcreased frequency of seizures (113) may be erroneously cred- 
ited agamst the new drug (88) An mitial exacerabahon of seizures, such as may 
occur with tnmethadione (88) or with fasting (132) m cases of petit mal, may promp 
the patient or his physician to discontmue medication after an inadequate trial o no 
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bilify or activity of neurones may also be shown to have actions upon normal neurones 
(202) 

Therefore one is led to consider more extensively the third and last category of 
anticonvulsant action. Clinical experience presents many illustrations of drug action 
m severing the cham of convulsive activity somewhere between seizure focus and 
widespread mvolvement of the normal brain (202) It becomes pertinent therefore 
to mquire concerning the action of the common anticonvulsant drugs upon properties 
of normal bram m general and of neurones m particular 

The reported actions of anticonvulsant drugs upon normal bram can be broadly 
divided mto two major groups a) mcreased threshold for an exatmg agent, b) de- 
creased responsiveness of the exated system. 

The first group has received by far the most attention. The laboratory studies 
of Memtt and Putnam (148, 168), resulting m the mtroduction of diphenylhydantom 
to dimcal practice, have done much to propagate the idea that mcreased threshold 
is the stm qua non of anticonvulsant action The concept is imphat m the procedures 
of all mvestigators who have attempted to assay new anticonvulsant drugs and it 
must be said that almost without exception they have succeeded m demonstrating 
by various methods that the most commonly accepted anticonvulsant drugs may 
raise threshold either for eleCtncal or chemical stimulation or both (7-9, 14, 15, 19, 26, 
29,33. 38, 44. 48-51, 63, 65, 70, 75-77. 80-88, 99, 114, 119, 120, 138, 147, 148, 150-152, 
164, 166, 168, 169, 173, 174, 185-187, 189, 190, 195-199, 202, 203, 216) 

The reviewers (203) have contested this simple concept, particularly with regard 
to the action of diphenylhydantom upon dectacal threshold for production of minimal 
or focal seizures, but this does not negate the fact that something akm to an mcrease 
m threshold may be demonstrated if only the threshold for more severe seizures 
13 observed 

Less attention has been given to the problem of drug action upon the abihty of 
the bram to respond Birdny and Stem- Jensen (13, 14) have found that shortenmg 
of the tome phase of experimental seizures is a characteristic action of all the common 
anticonvulsants. The reviewers (205) have shown that abohtion of the extensor 
component of the tome phase of seizures produced by supramaximal shocks is a com- 
mon property of the dmically accepted antiepfleptic agents The possible signifi- 
cance of this phenomenon will be discussed m more detail m relation to the action of 
diphen5dhydantom (see below) 

Bikeles and Zbyszewski (19) postulated that the action of depressant drugs m 
preventing convulsive responses to faradization of the cerebral cortex was attnbutable 
to their abihty to reduce temporal summation of repetitive stimuh BdrSny (12), 
after studymg the effects of vanous anticonvulsants on seizure threshold for shocks 
of different durations, has found no evidence for such a mechanism 

B5r£ny (13) discusses another mterestmg possibflity bearing on the problem of 
anticonvulsant action. He considers that the effect of a small degree of synaptic 
depression may have httle importance m a short reflex cham but that the same ejffect 
at each synapse m a reverberatmg long cham system will be amplified m accordance 
with the total number of synaptic links m the erremt. Thus small mcreases m 
threshold might have little effect upon many normal functions, yet at the same tune 
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the topical apphcation of stiychiune, which had been shown by Magendie in 1819 to 
produce seizures by its central nervous action The literature on strychnine action 
has been reviewed by Dusser de Barenne (41) Recent usage of convulsant drugs 
in laboratory assay of anticonvulsant potency is examplifi^ in the work of Everett 
and Richards (50), Pollock and Finkelman (166) and the reviewers (82, 88, 203) 
The latter have used various subconvulsive EEG phenomena as well as seizures for 
laboratory anticonvulsant tests The use of metrazol for activation of EEG dys- 
rhythmia in epileptic patients (ri6, 216) has also permitted observations of anti- 
convulsant drug action Metrazol seizure threshold has been used by Goldstem and 
Wemberg (77) and Frost (63) to test anticonvulsant drug action m patients 

3) Chrome Focal Seizures Speransky el al (184) mtroduced the method of focal 
freezmg the cerbral cortex to produce chrome epileptogemc lesions m dogs, a method 
later adopted by Keith et al (118) Kopeloff d al (121, 157) have produced focal 
lesions by implantation of alumina cream and other substances The method has 
been used only sporadically for observation of anticonvulsant drug action by the latter 
group of mvestigators, although it obviously offers a useful method, parbcularly when 
combmed with EEG studies 

MECHANISMS OP ANnCONVTrtSANT ACTION 

The conceivable mechanisms by which anticonvulsant drugs might prevent, 
abort, mollify or reduce frequency of c linical seizures should mclude at least the fol- 
lowing broad categories a) action upon the non-neural lesion, d) action upon the 
abnormally altered neurones to prevent them excessive discharge, c) action upon 
normal neurones to prevent their detonation by excessive discharge 

In the first category should be mcluded the possible actions of drugs m reduemg 
the sensitivity of the abnormal vascular supply of an epileptogemc focus If Pen- 
field’s (159, 160) concept of the r 61 e these vessels occupy m precipitating seizures 
has even a limited apphcation, then the possibflity of anticonvulsant drug effects 
through vascular action cannot be neglected This m turn admits the possibihty of 
anticonvulsant effects of a variety of autonormc stimulants and blocking agents, of 
which few have been studied' (199) Aird (3, 4) has mterpreted the anticonvulsant 
action of certam dyes and of desoxycorticosterone acetate as mvolvmg stabilizabon 
m permeabdity of cerebral vessels, to add still another possible vascular mechanism. 

The second category assumes that, as a result of disease or mjury, neurones may 
exist for a penod m a state of hiqieractivity, perhaps analogous to that produced by 
focal apphcation of convulsant substances It assumes also that drugs which have 
httle effect upon normal neurones may have quantitatively important effects upon 
those which are pathologically hiqieractive No sharp examples of such a differenti- 
ation have yet been presented, although one might pomt to the abihty of diphen^ 
h3fdantom to prevent abnormal susceptibihty to electroshock seizures m hydrated 
gnimnk (198), or the general abihty of many other anticonvulsant drugs to prevent 
seizures mduced by metrazol, picrotoxm, etc A pertment chmcal example may e 
the considerable specifiaty of tnmethadione m eradicatmg both the spike and waim 
response and the chmcal seizures of petit mal m response to hyperventilation ( , 
128, 162) But in general it can be said that agents which mod'fv abnormal exci 
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of direct dectncal stimulation of the motor cortex Memtt and Putnam (148), 
Tamter el al (199) and the reviewers (205) showed that bromide could raise threshold 
or modify seizure pattern in animals only m doses causmg neurological signs SnJm- 
owsky and Kennedy (114) and the reviewers (204) oh tamed similar results m human 
patients undergomg electroshock therapy Thus the anticonvulsant effect of bro- 
mide IS relatively poor compared to that of diphenylhydantom and other agents 
studied by the above authors The mechanism of bromide action is unknown It 
cannot be solely a matter of replacement of extracellular chloride ion (159) which can 
be materially reduced m penpheral nerve (139) or m the mtact animal (loi) without 
impaument of function 

Phenoharbttal Phenobarbital (5 , 5-phenyl ethyl barbituric acid) was mtroduced 
for clinioal trial m 1912 as a sedative and hypnotic on the basis of the studies of Loewe 
(i 37 )j Juhusburger (in), and Impens (105) and m the same year was shown by 
Hauptmann (97) to be supenor to bromide m the treatment of grand mal Dercum 
(40) and Gnnker (92) were among the first to popularize the use of phenobarbital as 
an anticonvulsant m the Umted States It remamed the chief pharmacological 
weapon against epilepsy until superseded by diphenylhydantom withm the last 
decade 

The prmapal limi tation upon the use of phenobarbital as an antiepileptic has 
been its sedative property Unfortunately the sedative action of bromide and pheno- 
barbital was long considered a requisite for anticonvulsant action, a concept which 
until recently tended to impede progress m the search for more potent and specific 
drugs 

Another disadvantage of phenobarbital, but probably not peculiar to this drug 
alone, is the exacerbation of seizures or even the appearance de nmo of convulsions 
after abrupt withdrawal of the barbiturate followmg a long penod of treatment The 
phenomenon was commented upon by Hauptmann (97) and has been studied more 
recently by Kahnowsky (113) Whenever a drug is capable of causing a withdrawal 
^drome, one ordmanly expects to find evidence of development of drug tolerance 
during treatment. Experimentally the occurrence of barbiturate tolerance and cross 
tolerance has heen shown by Green and Koppanyi (90) and Gruber and Keyser (94) 
Schulz (179) has shown that during phenobarbital treatment there is a progressive 
declme of plasma cholmesterase, which regenerates more slowly than the rate of dis- 
appearance of anticonvulsant action followmg abrupt withdrawal of phenobarbital 
However, this mterestmg parallelism is not m itself an adequate explanation of phe- 
nobarbital tolerance and withdrawal signs and it would be presumptuous to conclude 
from the work of Schulz that the mechanism of action of phenobarbital is primarily 
anticholmergic 

The specifiaty of phenobarbital when compared with other barbiturates has 
received only occasional attention Keller and Fulton (119) found that pheno- 
barbital was the only one of several barbiturates exammed which could completely 
abobsh the electrical excitabihty of the motor cortex of monkeys when anesthetic 
doses were employed Memtt and Putnam found that phenobarbital m sedative 
doses was much more effective than other barbiturates or bromide in prevenUng 
electrically induced seizures m cats The reviewers (88, 195, 204, 205) have found 
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male impossible the long-cham reverberation supposedly mvolved m the spread and 
mamtenance of convulsive activity An extension of this concept also raises the 
possibihty that small mcreases m threshold may cause previously exatatory Imls to 
become inhibitory, m accordance with the Brooks-Eccles theory of inhibition (24) 
One further type of anticonvulsant drug action seems to be sufficiently general 
to merit descnption It has been recently foimd (202) that peripheral nerve, when 
subjected to excessive stimulation, may produce double or multiple action potenbal 
spikes, somewhat akm to the high frequency discharges descnbed for pyramidal 
neurones by Adrian and Moruzzi (2, 155) The phenomenon is apparently depend- 
ent upon a prolonged depolarization and reduction in threshold, resulting m an ex- 
treme degree of supernormal exatabihty after passage of a smgle volley of impulses. 
These effects are prevented by the common anticonvulsants m relatively physiological 
concentrations In addition, the repetitive and hypersjmchromzed discharge of 
penpheral nerve which is produced by immersion m high concentrations of phosphate 
IS also abohshed Thus direct neuronal actions of anticonvulsant drugs can be dem- 
onstrated under conditions of excessive exatabihty 

An utterly different mechanism of anticonvulsant action must be considered for 
those drugs, such as amphetamme, which excite rather than depress the central nerv- 
ous system and which, until the advent of tnmethadione, were among the most effec- 
tive agents m the treatment of petit mal (78, 128, 129, 214) Perhaps glutanuc aad 
(167, 207) should also be considered m this group When it is recalled that sensory 
stimulation may occasionally abort cortical seizures (106, 159) and that seizure dis- 
charges are much more common m sleep than m the w aking state (67), it seems pos- 
sible that mcreased activity of normal bmm tissue may inhibit discharges from seizure 
foci This may be m itself an adequate explanation of the anticonvulsant action of 
exatant drugs 


CHAEACXERISTICS OF SOBIE COMMON ANTTEPILEPTICS 

Bromide Bromide was the first of the modem antiepileptic drugs Its mtro- 
duction by Locock m 1857 (136) for the treatment of catamenial seizures marked a 
sharp historical break from earher inadequate methods of treatment (182) Samuel 
Wilks in 1859 (212) apparently was the first to use bromide (but with iodide) m ordi- 
nary epilepsy, thus dissoaating the use of bromide therapy from the problem of sup- 
posed sexually exating factors m convulsive disorders The chmcal use of bromide 
preparations became popular withm a short time (89) and mtroduced an era m which 
the greatest emphasis was placed on the use of sedative drugs (191) Although pro- 
gressively superseded by phenobarbital smce 1912 and eclipsed by diphenylhydantoin 
smce 1938, bronude contmues to find some useful apphcation m the treatment of 
grand mal seizures m the absence of other seizure types (165, 193) It is less useful 
m psychic seiziues and may exacerbate petit mal attacks (127) The blood levels 
required to control patients (110-125 mg %) tend to produce mild sedation and at 
somewhat higher levels bromide psychosis, neurological disturbances, dermatitis and 
other signs of bromide intoxication are apparent (79) , 

Experimental studies of bromide action have been relatively few Albertom (7I 
demonstrated m dogs that bromide antagonized the effects of convulsant agents an 
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of direct electncal stimulation of the motor cortex Memtt and Putnam (148), 
Tamter d al (199) and the reviewers (205) showed that bromide could raise threshold 
or modify seizure pattern in animals only m doses causmg neurological signs Italin- 
owsky and Kennedy (114) and the reviewers (204) obtamed similar results m human 
patients undergomg electroshock therapy Thus the anticonvulsant effect of bro- 
mide IS relatively poor compared to that of diphenylhydantoin and other agents 
studied by the above authors The mechanism of bromide acbon is unknown It 
cannot be solely a matter of replacement of extracellular chlonde ion (159) which can 
be materially reduced m penpheral nerve (139) or m the mtact animal (loi) without 
impairment of function. 

Phenobarhlal Phenobarbital (5 , s-phenyl ethyl barbitunc aad) was mtroduced 
for dmical trial m 1912 as a sedative and hypnotic on the basis of the studies of Loewe 
(^37)1 Juhusburger (nr), and Impens (ro5) and m the same year was shown by 
Hauptmann (97) to be supenor to bromide m the treatment of grand mal Dercum 
(40) and Gnnker (92) were among the first to popularize the use of phenobarbital as 
an anticonvulsant m the Umted States It remamed the chief pharmacological 
weapon against epilepsy until superseded by diphenylhydantom withm the last 
decade. 

The pnnapal limitation upon the use of phenobarbital as an antiepUeptic has 
been its sedative property Unfortunately the sedative action of brormde and pheno- 
barbital was long considered a requisite for anticonvulsant action, a concept which 
until recently tended to impede progress m the search for more potent and specific 
drugs 

Another disadvantage of phenobarbital, but probably not peculiar to this drug 
alone, is the exacerbation of seizures or even the appearance de novo of convulsions 
after abrupt withdrawal of the barbiturate foffowing a long penod of treatment. The 
phenomenon was commented upon by Hauptmann (97) and has been studied more 
recently by Elahnowsky (113) Whenever a drug is capable of causing a withdrawal 
syndrome, one ordmanly expects to find evidence of development of drug tolerance 
during treatment. Experimentally the occurrence of barbiturate tolerance and cross 
tolerance has been shown by Green and Koppanyi (90) and Gruber and Keyser (94) 
Schulz (179) has shown that during phenobarbital treatment there is a progressive 
dedme of plasma chohnesterase, which r^enerates more slowly than the rate of dis- 
appearance of anticonvulsant action following abrupt withdrawal of phenobarbital 
However, this mteresting parallelism is not m itself an adequate explmation of phe- 
nobaibital tolerance and withdrawal signs and it would be presumptuous to conclude 
from the work of Schulz that the mechanism of action of phenobarbital is primarily 
anticholmergic 

The specifiaty of phenobarbital when compared with other barbiturates has 
received only occasional attention. Keller and Fulton (119) found that pheno- 
barbital was the only one of several barbiturates exammed which could completely 
abohsh the electncal exatabflity of the motor cortex of monkeys when anesthetic 
doses were employed Memtt and Putnam found that phenobarbital m sedative 
doses was much more effective than other barbiturates or brormde m preventmg 
electncally mduced seizures m cats The reviewers (88, 195, 204, 205) have found 
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that the outstanding anticonvulsant effect of phenobarbital, as with diphenylhydan- 
toin, IS its abihty to modifye lectroshock seizure pattern, in which respect it far sur- 
passes various barbiturates having sedative but not clinical antiepileptic action. 
Taking species differences into account, in general it may be said that phenobarbital 
IS somewhat less effective than diphenylhydantom m abihty to modify seizure pattern 
Unlike diphenylhydantom, phenobarbital possesses defimte abihty to mcrease mini 
mal electroshock seizure threshold and to protect animals against metrazol convul- 
sions In these respects it is m turn infenor to tnmethadione Like diphenylhydan- 
tom but unlike tnmethadione, phenobarbital is highly effective m preventing 
repetitive firing m a supramaximal ly stimulated penpheral nerve (202) 

Mebaral Mebaral (•^-methyl-5 , 5-phenyl ethyl barbitunc acid) is the N-methyl 
denvative of phenobarbital, it is the barbiturate homolog of mesantom Mebaral 
was first reported by Heyde (100) and Blum (20) m 1932 as an effective antiepileptic 
m comparison with phenobarbital and m the same year pharmacological studies by 
Weese (209) suggested a supenor margm of safety for mebaral (cf 177, 204) 

Other Barbiturates Among other barbiturates which have been tned m con- 
vulsive disorders, 5-ethyl-s-(i-methyl-i-butenyl) barbiturate (vmbarbital, ‘delvinal’) 
has been reported by Davidoff and Doolittle (36) to give favorable results 

Tnmethyl barbitunc acid and i-methyl-5-methyl-s-ethyl barbitunc acid, par- 
ticularly the former, have been found effective against grand mal but not petit mal 
m a prehmmary report by Everett (48) who has also demonstrated that these com- 
pounds have a high degree of protective action against metrazol seizures in laboratory 
animals (48, 49, 51) The reviewers (81, 205) found these substances relatively 
meffective m modifymg seizure pattern 

Pharmacological actions of other barbiturates on the cerebrospmal axis have 
been extensively studied, but unfortunately for the most part pentobarbital and 
other sedative barbiturates without strong anticonvulsant potency have been used 
The studies are therefore probably more relevant to an understandmg of the nature 
of sedation, sleep and anesthesia than to antiepileptic action. The penpheral nerve 
studies of Hembecker and Bartley (98) mdicate that while pentobarbital mcreases 
threshold it is particularly effective m prolongmg recovery tune of neurones after 
impulse propagation This property has also been demonstrated m thalamic 
synaptic transmission by Marshall (144), while Jarcho (107) has recently presented 
evidence that the prolongation of recovery cycle is even more pronounced at the 


cortical level 

The most direct studies of synaptic depression by barbiturates have been those 
of Eccles (43) who showed that pentobarbital blocked two-neurone transmission m the 
spmal cord pnmanly by mcreasmg the extent of local depolarization required for 
imtiation of propagated impulses by the mo to neurone soma, he also presented evi- 
dence that the local mcrease m threshold was related to an mcrease m membrane 
resistance The two-fold action of barbiturates m mcreasmg threshold and prolong- 
mg recovery time is probably adequate to accoimt for most of the vanous types of 
central depressant actions which have been studied by many mvestigators (i, ib. 
2i-23> 39 i 59 i 73 ' central depression caused by most barbiturates 

may be rdated in turn to their abihty to depress oxidative metabobsm of brain m 
anunals and man (47, 55, 91, sfi) 
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Diphmylkydantom Diphenylhydantom (s,s-<iiphenyDiydaiitom, dilantm, 
phen3rtom, epanutin) was recommended for dmical tnal as an antiepilepbc by Put- 
nam and Memtt m 1937 as a result of their careful laboratory studies of the anti- 
convulsant action of a large number of substances (168) In the following year they 
reported its supenonty over bromide and phenobarbital, thus vahdatmg the im- 
portance of a rational experimental laboratory search for new antiepileptic drugs 
(148, 149) Other mvestigators promptly verified the clmical value of diphenyl- 
hydantom (cf 147) and it IS now generally accepted to be at least the equal of pheno- 
barbital m the therapy of grand mal, as well as an effective agent m the treatment of 
some cases of psychomotor epflepsy (69,129, 208), related behavior disorders (61,1 70) 
and symptomatic epilepsies (154) 

The successful use of diphenylhydantom estabhshed the important fact that an 
antiepileptic drug need not be a hypnotic (169) The effects of overdose of diphenyl- 
hydantom both m anitnak (93, 120) and m man (10, 57, 149) were found to be m 
general exatatory rather than depressant 

In retrospect, it seems unfortunate that the laboratory methods of Putnam and 
Memtt (168) were based on the supposed abdity of drugs to increase threshold for 
electroshock convulsions In the particular case of diphenylhydantom, the reviewers 
have been unable to demonstrate any threshold-raising ability m animals when 
mmimal seizures or EEG signs of seizures are taken as the end pomt (83, 203, 205) 
Most other mvestigators (9, 26, 29, 50, 120, 199) have reported mcreases m threshold 
of varymg d^ees, but it is mterestmg to note that the criteria of convulsive activity 
taken by these mvestigators are vaned and are much more rigorous than those which 
one would apply to a patient Thus the results are compbcated by dnig-mduced 
changes m seizure patterm Furthermore the use of long penods of stimulation 
operates to conceal the occurrence of drug-modified seizures (203, 204) However, 
when the end pomt taken is that of minimal seizures, it has been demonstrated that 
diphenylhydantom can mcreasc threshold m animals whose exatabOity has been 
raised by hydration, although other anticonvulsant agents are much more potent 
m this respect (198) 

There is more general agreement that diphenylhydantom does not protect am- 
mals against convulsant drugs (50, 88, 120) Here agam some authors have reported 
shght protection against metrazol (80, 216) which is more evident with chrome medi- 
cation (80) But a large number of drugs, mduding some which could not be classed 
as useful anticonvulsants, are clearly supenor to diphenylhydantom m abihty to 
protect against metrazol seizures (see fig i for examples) 

The same controversy has arisen m connection with the effects of diphenyl- 
hydantom on electroshock seizure threshold m man HemphiU and Walter (99) and 
Kalmowdty and Kennedy (114) have rqxirted that diphenylhydantom mcreases 
threshold m patients undergomg electroshock therapy, while the reviewers (204) have 
mterpreted similar observations as representing a change m seizure pattern rather 
than threshold Some mvestigators have reported that pretreatment with diphenyl- 
hydantom necessitates an mcrease m the quantity of metrazol required to produce 
seizures (77) or subconimlsive EEG dj'srhythmia (216) in epileptic patients, but 
others have published negative findmgs {63) 

Another nroblem which hnn Tprpnnvl 
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on pattern of seizures Hemphill and Walter (99) and Kalinowsky and Kennedy 
(114) observed that atypn^ seizures were frequent among patients treated with 
diphenylhydantom pnor to receiving electroshock therapy Delay and Soulairac 
(38), Bfirdny and Stem-Jensen (15) and the reviewers (205) observed that anticon- 
vulsant drugs m general and diphenylhydantom m particular modified electroshock 
seizures by reducing or abolishmg the tome phase m animals and m man (204) It 
was noted that with diphenylhydtmtom, m contrast to many other drugs, the modified 
dome seizures m animals were qmte prolonged (15, 205) 

Biriny and Stem-Jensen mterpret the change m pattern as representmg a 
greater action of diphenylhydantom upon sub cortical mechanisms responsible for the 
tome phase of sei^res than upon cerebral cortex (14, 15) Smee the medulla m par- 
ticular has been shown to have a high seizure threshold (95, 96), a selective vuhiera- 
bihty to anticonvulsant drug action might be expected However, Gley ei al (75, 
76) have observed that larger doses of diphenylhydantom are required to modify or 
prevent seizures m the decerebrate than m the mtact animal, while Knoefel and 
Lehmann (120) faded to find any effect of diphenylhydantom on seizures m decerebrate 
preparations The more rapid post-seizure recovery of animals pretreated with 
diphenylhydantom (15, 205) has recently been shown to occur to an equal degree for 
responses at all levels of mtegration from medulla to cerebral cortex (202) This 
findmg suggests the possibihty that diphenylhydantom may reduce seizure activity 
at all levek of the bram, m which case the modification of seizure pattern need not be 
mterpreted on a specific anatomical basis 

Turmng now to the effects of diphenylhydantom upon non-convulsive responses 
of the bram, the experimental evidence is even less enlightenmg than m the case of 
seizures Gley (cf 115) foimd that diphenylhydantom mcreased threshold for un- 
sustamed motor responses more than for seizures ehated by cortical stimulation 
Although the reviewers faded to find an mcrease m threshold for non-convulsive 
cortical EEG responses ehated by cortical electncal stimulation, it has recently been 
demonstmted m their laboratory (202) that thresholds for unsustamed movement 
may be mcreased particularly when the rate of repetition is slow No effect of 
diphenylhydantom on the recovery process m cerebral cortex was found m these 
studies 

In an effort to find some neural counterpart of the central actions of diphenyl- 
hydantom, the reviewers (202) have studied vanous properties of frog nerve They 
found that diphenylhydantom had little effect on vanous properties mcludmg 
threshold and the recovery process However, relatively low concentrations (o 04 
mmol/1 ) prevented the reduction m threshold and the spontaneous firing produced 
by immersion m isotomc neutral sodium phosphate solutions and also prevented the 
appearance of repetitive firmg m normal nerves subjected to supramaxinial shocks 
Thus there would seem to be some tangency between the observed effects of diphenyl- 
hydantom upon peripheral nerve and upon bram 

Ihplienylene EydanUnn In addition to diphenylhydantom, several other 
hydantomates tested by Memtt and Putnam (150) were found to possess suffiaent 
experimental anticonvulsant activity to suggest clmical trial (147) example, 

5 , S-diphenylene hydantom showed antiepfleptic activity approaching that 0 1- 
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phenylhydantom and similar tonaty except for the appearance of frequent skin 
rashes and the kcL of gingival hyperplasia This agent had previously been shown 
to be effective against expemnental seizures by Knoefel and Lehmann (120) and also 
found on preliminary trial to be an effective climcal antiepileptic by Fabmg et 
(S 3 ) 

Mesantotn Mesantom (3-methyI-5,s-phenyl ethyl hydantom) may be con- 
sidered the hydantom homolog of the barbiturate mebaral Imtial climcal trial by 
loscalzo (140), Clem (30), Kozol (124), Lennox (130) and Marburg and Helfand (143) 
showed that mesantom could control many grand mal and psychomotor cases which 
were refractory to diphenylhydantom or other medication Only the last-named 
authors reported favorable results m petit mal The toxiaty of mesantom differs 
from that of diphenylhydantom m that sedation and skin rashes occur more fre- 
quently, while gingival hyperplasia has not been reported Thus combinations of 
mesantom and diphenylhydantom can be employed for summation of their thera- 
peutic properties with lessened likelihood of toxiaty (124) 

The climcal use of mesantom was suggested by the studies of Tamter el al (199), 
who found that it was highly effective m raismg electroshock threshold m experi- 
mental an im a ls It was found more effective than diphenylhydantom m altermg 
seizure pattern m expenmental animals (197), and resembled diphenylhydantom in 
similar tests with human electroshock seizures (204) The reviewers have also shown 
that it differs from diphenylhydantom m exhibiting some protective action against 
metrazol seizures, a property apparently related to N-methylation m several hetero- 
cydic anticonvulsants (fig i) 

Phenyl Thtenyl Eydanloin The thienyl derivative of diphenylhydantom (5- 
phenyl-5-thienyl hydantom) differs from diphenylhydantom only m the substitution 
of a more unstable thienyl nng for one of the 5-phenyl groups. Peterman (163) has 
considered this compound to be superior to diphenylhydantom m grand mal and petit 
mal, but dmical studies are not yet adequate for comparison The reviewers have 
noted that it may be successfully substituted for diphenylh3^dantom when gmgival 
hyperplasia hrmts the tolerated dosage of the latter Theur laboratory studies mdi- 
cate that there are no important differences between the two drugs when compared 
by vanous anticonvulsant tests (85) 

T nvielhadume {‘Tndume’) The specifiaty of tnmethadione (‘tndione’, 3,5,5- 
tnmethyl-oxazohdm6-2,4-dione) m the treatment of petit mal seizures was briefly 
reported by Perlstem m 1945 (162, 174) and confirmed m the extensive studies of 
Lennox (128, 131, 133) and withm a short time by many other climcal mvestigators 
It was also reported to be useful m at least some cases of grand mal (201), psycho- 
motor seizures (37) and cerebral palsies (35, 162) and was shown to have climcal 
analgesic properties (173) Its usefulness m major seizures has been seriously 
questioned by Lennox (131), but the reviewers have convmced themselves of its gen- 
eral antiepfleptic value when it is combmed with diphenylhydantom m cases which 
yield to neither drug alone (17) , dramatic results may frequently be obtamed m cases 
of grand mal particularly when associated with petit mal EEG (88, 202) Even 
petit mal seizures are occasionally exacerbated during the first few da3rs of therapy m 
cases which ultimately respond favorably to tnmethadione (88) 
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Toxic signs have been reviewed by Lennox (131) This side-effect most fre- 
quently reported by all mvestigators is hemeralopia (photophobia), an unusual form 
of toxicity which seems to depend upon the retmal rather than central action of 
tnmethadione, according to Sloan and Gilger (183) As with many other drugs, 
frequent skm rashes and occasional blood dyscrasias are observed, reversible renal 
damage has also been reported In large doses the drug has a sedative action (162) 

Tnmethadione was synthesi2«d and first reported to have analgesic properbes 
by Spielman (188) Other oxazohdme-2, 4-diones had previously been shown by 
Erlenmeyer (46) to have central nervous depressant actions and m parbcular 
propazone (5 , s-di-n-propyloxazohdme-2 , 4-dione) had been tned m animals and man 
as a hypnotic and anticonvulsant by Luton el al (142) and Stoughton and Baxter 
(194) Everett and Richards m 1944 (50) reported that tnmethadione raised thresh- 
olds both for chemically and electncally mduced seizures The reviewers (8r, 86, 88) 
extended these laboratory observations usmg a number of assay methods and con- 
cluded that the outstandmg property of tnmethadione was its protective effect 
against metrazol-mduced seizures and subconvulsive phenomena Although as 
effective as phenobarbital m raising electncal seizure thresholds, it was found far 
infenor to phenobarbital and diphenylhydantom m abihty to modify maximal 
seizure pattern in man (204) as well as m animals (205) This latter feature would 
seem to correlate with its relative meffectiveness m grand mal In acute spmal 
animals it was found to depress multmeuronal more than two-neuronal reflexes (88), 
an action possibly correlated with its known clmical analgesic properties (173) In 
penpheral nerve studies (202) it was found much infenor to the usual anticonvulsants 
m abihty to prevent repetitive finng 

It will be seen that tnmethadione differs from the anticonvulsants previously 
discussed m clmical specificity and toxiaty and m laboratory tests But as yet there 
seems to be no adequate laboratory test for distmguishing drugs which would be 
effective against petit mal, although attempts to reproduce the laboratory counter- 
part of petit mal have not been lackmg (28, 88, 109) 

Paradione Paradione (3 , 5-dimethyl-5-ethyl oxazohdme-2,4-dione) was re- 
ported by Everett (48) to have high antimetrazol pwtency and to possess chmcal 
effectiveness agamst petit mal The studies of Lennox and Davis (133) mdicate that 
there is httle clmical difference between paradione and tndione except perhaps for a 
somewhat less frequent occurrence of hemeralopia with the former From the 
mvestigations of Spiehnan and Everett (190) on structure-activity relabons of 
tnmethadione congeners, it seems improbable that longer alkyl subsbtuents will 
bestow greater clmical effectiveness agamst petit mal 

Epidon Epidon (s,5-diphenyl oxazohdme-2, 4-dione) has been reported by 
EUermann (44, 45) to be dimcally effective m grand mal but not m petit mal and to 
have -anticonvulsant properties comparable to those of diphenylhydantom m labora- 
tory studies As may be seen m figure i, epidon is superior to tnmethadione and 
paradione m abihty to modify seizure pattern but is rdatively meffective agamst 
metrazoL Pfeiffer (164) has recently observed that s-phenyl oxazohdme-2, 4-dione 
IS supenor to the diphenyl congener (epidon) and a number of others m raismg 
metrazol seizure threshold and m modifying electroshock seizure pattern Epidon 
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has been found comparable with diphenylhydantom rather than mth tnmethadione 
m penpheral nerve studies (202) 

Pherwcelylurea (Phemirone) Phenacetylurea (‘phenurone’) has recently been 
been reported effective m selected refractory cases of grand mal, petit mal and psycho- 
motor seizures by Gibbs, Everett and Richards (70) Observed tovic signs were few, 
with anorexia, cachexia, headache, insomnia, palpitation and questionable drug rash 
occurring m diminishing order of frequency A most mterestmg result of phenurone 
therapy was an exacerbation of preexisting personahty disorders m patients with 
psychomotor seizures The drug is one of a large senes of conceivable degradation 
products of anticonvulsant substances It was synthesized by Spielman (189) and is 
essentially 5-phenyl hydantom with an opening of the hydantom nng between the i 
and 5 positions It was found by Everett (49) to be one of the most effective agents 
yet tested against chemically and electncally mduced seizures m laboratoiy^ ammals 
The heuristic imphcations of the as yet limited experimental and chmcal results 
obtained with phenurone are many 

Glitiamxc Acid Price el al (167) reported that glutamic aad was effective m 
some cases of grand mal and psychomotor seizures and subsequently the l-\- form was 
shown by Waelsch and Pnce (207) to be the active isomer Other central nervous 
actions were also reported, mduding enhanced maze learning abihty in rats (215) and 
unproved behavior and performance m subjects with mental defiaency (s) That 
any favorable action should be found with small oral mcrements of the most common 
dietary ammo acid seems surpnsmg Laboratory studies by the reviewers (82) have 
failed to show any anticonvulsant action of glutanuc aad m vanous speaes of expen- 
mental ammals. 

Steroids McQuame, Anderson and Ziegler (146) have reported a reduction m 
frequency of grand mal seizures m patients treated with desoxycorticosterone acetate, 
but their results were not confirmed by Aird (4) And was able to detect a protective 
action of the steroid against piocame convulsions, as had Selye (180) against metrazol 
seizures, but, m contrast to Woodbury and Davenport (213), he was unable to confirm 
Spiegel’s (186, 187) demonstration of the abihty of desoxycorticosterone to raise 
seizure threshold Since Spiegel has found that several steroids without common 
physiological effects have laboratory anticonvulsant potency, cmd m view of the 
pauaty of c l i ni c a l data, the significance of the desoxycorticosterone studies cannot 
yet be assessed 

Carbon Dioxide The ease with which seizures of the petit mal group may be 
precipitated by hyperventilation and suppressed by COj inhalation (71) places COj 
m the category of a physiological anticonvulsant. Cerebral blood flow may be 
mcreased by COi excess (74), but a direct neural effect should also be consider^ m 
the hght of observations that carbon dioxide may mcrease threshold m penpheral 
nerve and prevent repetitive firing mduced by a \nde vanety of stimulating sub- 
stances (139) 

Miscellaneous Anlteptlepltc Therapies Fasting, Kelogenic Diet, Dehydration 
The use of dietary measures is among the most ancient of all therapeutic attempts to 
control the ‘Sacred Disease’ (200) Sunple fastmg was one of the more prumment 
of these measures and has even had a desultory trial m the present century It is 
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interesting to note in some seizure charts pubhshed by Lennox and Cobb (132) that 
with fastmg there may be an imtial exacerbation of seizures particularly of the pietit 
mal group, even m patients who subsequently show complete remission of attacks 
with continued rigorous fasting However, starvation is at best a barbaric practice 
m the eyes of most patients Geyehn (66), who remtroduced the method m the 
modem period, suggested that the^ favorable effects were due to acidosis MIder 
(211) proposed and successfully used a high fat diet m an effort to produce aadosis 
Keith (117) has recently reevaluated the efficacy of the ketogemc diet after a trial of 
several decades m a large senes of jiatients and concluded that it compares favorably 
with the use of anticonvulsant drugs 

The possibihty that the success of the ketogemc diet was attributable to products 
of mtermediate fat metabolism was considered by Wilder, who suggested aceto- 
acetic acid as a possible physiological anticonvulsant. Recently the glycerol moiety 
has been tested by Kajdi and Livingston (112) with results equal to those of the 
ketogemc diet itself 

In general, the hterature suggests that dietary measures are more useful m 
convulsive disorders of the petit mal group Therefore it is not surpnsing that 
laboratory studies fad to reveal obvious anticonvulsant effects of dietary changes 
In fact, Davenport and Davenport (34) have found an mcreased susceptibdity to 
electncal and chemical seizures m rats which were starved as well as m those given 
a high fat diet 

Rigorous fimd restnction was mtroduced by Fay (54) m 1929 for the therapy of 
convulsive disorders, concomitant with the mtroduction by McQuame (see 146) of 
a pitressm-hydration test for precipitatmg seizures as a diagnostic procedure. The 
reviewers (203), m evaluatmg previous studies upon the relation between water 
balance and electroshock seizure threshold (198), have concluded that total extracel- 
lular electrolyte concentration is an important determinant of seizure threshold An 
excess of sodium ion, the predominant ion of extracellular fluid, has recently been 
shown by Woodbury and Davenport (213) to mcrease seizure threshold m laboratory 
animals 


STRUCTUEE-ACXrVITY KELATIONS 

The search for more effective anticonvulsants passed from the era of trial and 
error with the pubhcation by Memtt and Putnam of their extensive studies on 
hjrdantoinates and other related chemical nuclei, culminating m the dimcal trial and 
vahdation of diphenylhydantom (148, 168, 169) Although other mvestigators have 
studied the effects of modification of molecular structure on anticonvulsant activity 
(8, 9, 26, 29, 33, 48, 87, 120, 164, 187, 189, 190, 195, 197, 199, 20s), the most 

extensive contribution has contmued to come from Memtt and Putnam and their 
associates (138, 147. iSo-iS^) 

Before attempting to analyze the structural relationships necessary for anti- 
convulsant activity, it might be well to set down certam general prmaples for 

orientation . 

(a) The uUtmale value of an anltconvulsani drug must he determined in 
praclice Only to the extent that laboratory methods of assay correlate well with e 
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clinically established potency of a senes of drugs can the laboratory methods be 
vahdated Even then it is not always possible to forsee prohibitive tone side-actions 
which are peculiar to the human speaes 

(b) Tlte convjilstve disorders differ radically in their responses to therapy To cite 
but one example the specifiaty of tnmethadione for seizures of the petit mal tnad 
and the lack of effect of diphenylhydantom m most such cases (128) illustrate the 
futihty of a search to find a smgle agent for the treatment of 'epilepsy’ m the singular, 
or of reliance upon a single laboratory test to determine the potential anticonvulsant 
activities of a given substance 

(c) There are many possible mechanisms of anticonvulsant action Some of these 
mechanisms have already been discussed and it is obvious that each of them requires 
a different type of laboratory analysis for its detection Therefore, as emphasized 
also m the preceding paragraph, there are cogent reasons for using a batter)' of 
laboratory tests 

(d) The measure of usefulness of an agent is not its absolute potency but its thera- 
peutic index The comparison of drugs on a weight or molar basis for their laboratory 
anticonvulsant potency may have a limited theoretical value, but a more important 
consideration, especially to the pabent, is the rabo between the dosage of a particular 
drug which causes untoward effects and that which adequately controls seizures 
The higher the rabo, the more useful the drug, regardless of the absolute dose levels 

The reviewers have attempted to carry out these pnnciples by developmg a 
battery of tests and expressing the speofiaty of each drug as a ‘proteebve mdex’ (84, 

203) Table i illustrates the contrast between two such anbconvulsant tests 
when used for analysis of a senes of drugs mdudmg both dmically effecbve and m- 
effective agents The reviewers limit themselves to data from their laboratory (87, 
195, 196, 197, 205), smee the hterature does not provide adequate information for 
cross comparison of mdices The table gives only a few representabve examples m 
the three most widely-studied heterocyhc groups The tests are roughly comparable 
to those of Pfeiffer (164) and Spielmaim (189) The supramaximal test may also be 
caubously compared with electroshock threshold tests of the many other mvesbgators 
who have used severe seizures as end pomts Accepted rlimral uses of the drugs are 
mdicated where possible. The structural modificabons are also given, starting from 
the basic configurabon shown m figure i 

It should be emphasized that the nudei represented m table i are not the only 
structures having anbconvulsant activity (cf 150) However, members of these 
three groups together with them d^radation products (189) comprise most of the 
dmically useful anbepilepbc drugs It should also be emphasized that experimental 
data denved from the vanous types of dectroshocL seizure tests are extensive, while 
metrazol studies are rdaUvely meager With these reservations m mind, it is 
possible to draw several tentative condusions from the hterature and to illustrate 
a few of them with the findings given m table i 

(a) A 5-phenyl group is important but not enbeal for anbdectroshocL acbvity 
It may be replaced by a naphthyl nng (138, 150) but not by cydohexyl, benzyl or 
vanous other rmgs or by substituted or unsubsbtuted alkyl rhaiTi«i without con- 
siderable loss m acbvity (8, 9, 150, 164, 169, 189) For example, a comparison of the 
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Table i Coupabison or chemical structdhe, laboeaioilv assay and clinical ueeedlness 


HUCLEVS AKD DXUO 

suBsnrnEKn* 

OJNICAILY 
rSETULlK * 

HT'FF.irUTtfTAT, 

raOTECnVE DtDIX 

Ri 

Rj 

R, 

SupiamAz 
imtl elec 
troihock* 

Metinol* 

Sydanlnns 







Mesantom 

COTi 

C,H, 

CH, 

GM, PsM 

II I 

0 9 

3,3-phenyl thienyl hydan- 







tom 

COTi 

COTiS 

H 

GM, PsM 

4 s 

0 

Nirvanol 

COTi 

C,H. 

H 


3 4 

0 6 

Diphenylhydantom 

COT. 

COT. 

H 

GM, PsM 

a 4 

0 

3 methyl diphenylhydan- 







tom 

COT. 

COT. 

CH, 


0 9 

0 6 

Barbiturates 







Mebaral 

COT. 

CiH, 

CH, 

GM 

2 S 

a S 

Phenobarbital 

COT. 

COT. 

H 

GM 

3 6 

0 9 

Diphenyl barbitunc aad 

cot:, 

COT. 

H 


I 8 

0 4 

Tnmethyl barbituric aad 

CH, 

CH, 

CH, 

GM 

1 0 

I S 

Barbital 

C,H. 

CiH. 

H 


0 7 

I I 

Oxasoltdtne 2,4-dtones 







Epidon 

cot:. 

COT. 

H 

GM 

I 8 

0 

Trimethadione 

CH, 

CH, 

CH, 

PM 

I 3 

I s 

Propaione 

COTt 

COT. 

H 


I 0 

0 

Paradione 

COT. 

CH, 

CH, 

PM 

0 7 

1 3 


‘ See fig I 

• GM Grand raal FsM Psychomotor seirures PM Petit mal 

’ Supramaioiiial index determined by dividmg dosage of drug causing minimal neurological signs 
in 50% of rats by dosage abolishing extensor tonic component of seizure m rats subjected to a shocL 
of five times threshold strength (150 mA altemaUng current delivered tor o 2 sec, through comeal 
electrodes) 

< Metrazol index detemuned by dividing mimmal neurological dose as above by dose preventing 
seizures in 30% of rats after subcutaneous mjecUon of metrazol (70 mg /kg ) 


H-N C=0 

' CD C6) I 



Fig 1 Stedctueal relationships of climcall) 
available anbepilepbcs BM face Common denoim 
nator D<uh line Barbiturate nucleus Polled line 
Hydantoin nucleus Thttt solid line OiazoUdjDe- 
2,4-dione nucleus Openmg of the hjilantom nudeus 
between positions (i) and (3) yields the corresponding 
acetylurea 
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supranmunal electroshock indices of phenobarbital and barbital in table i shows the 
dear supenonty of the former 

(b) The addition of a second 5-phenyl group reduces antielectroshocL activity 
in comparison with the effect of a short 5-alkyl chain, as may be seen by contrastmg 
nirvanol with diphenylhydantom or phenobarbital with diphenylbarbitunc aad m 
table I S imilar results for these and other pairs are to be found m the hterature 
(9, 150, 164, 169, 189) Optimum activity among the 5-phenyl-5-alkyl compounds 
seem to occur with short alkyl groups (9, 138) Alkyl substitutions are more effective 
than their alkosy- or alkylthio-homologs (26, 152) 

(c) A reactive group at position 4, and particularly a carbonyl group, mcreases 
antielectroshock activity (150, 169) 

(d) N-methylation at position 3 has been shown to reduce antielectroshock 
potemy and specifiaty at least among the barbiturates (196) Although this effect 
may be seen by companng mebaral with phenobarbital m table i, the opposite effect 
is illustrated by two hydantomates, nirvanol and mesantoin. N-methylation seems 
to improve the antimetrazol potency of all three groups of compounds m table r 
Indeed this is the only tentative correlation that can be made between chemical 
structure and metrazol mder m this senes 

(e) A reactive group at position 2 may not be essential (168), but a 2-keto group 
contributes to high activity (150) and is supenor to the homologous 2-thio denvative 
(26) m electroshock tests 

(f) Beyond posibon 2, the optimal structure is yet to be detennmed In 
addition to vanous heterocydic nngs, several straight-cham compounds and par- 
ticularly the phenacetylureas possess high mdices m metrazol as well as m electro- 
shock tests (189) Although it is conceivable that the heterocychc nngs are opened 
tn VIVO to yield a common anticonvulsant substance (169), available information on 
the metabolism of anticonvulsants (cf 102, 103) is too sparse to justify this umtanan 
concept. 

From the above considerations, it can be said that 5-phenyl-5-alkyl compounds 
havmg the common denominator shown m figure i possess supienor abihfy to modify 
electroshock seizure pattern and to raise threshold for generalized seizures Smee 
the mdices obtamed by vanous mvestigators using these tests have correlated to a 
fair d^ree with clinical usefulness m the treatment of grand mal, contmued study 
of this group of substances is warranted by the clini cal need for new effective anti- 
epileptics of low toncity 

No such general conclusions can yet be drawn concermng the relation between 
chermcal structure, laboratory assay methods, and effectiveness against convulsive 
disorders of the psychomotor or petit mal types The apparent specifiaty of hydau- 
tomates for psychomotor seizures and of oxazohdme-2,4-diones for petit mal, sug- 
gested by table i, is behed by the reported effectiveness of phenacetylurea m both of 
these disorders (70) If further progress is to be achieved other than by trial and 
error m the treatment of these seizure types, it becomes most urgent to study tlipir 
basic pathology more mtensively, and if jxissible to reproduce them experimentally 
m laboratory animals 
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AEiHotTCH EXPEEiMENTAi, EVIDENCE regarding gastnc absorption was pre- 
L\^ sented as early as 1808 (71, cf 70), the general impression prevails that 

-^relatively bttle work has been done on the problem of stomach permeability 
and that only few substances are absorbed from the gastnc cavity m amounts which 
might lead to the conception of the stomach as an absorptive organ (8, 9, 67, lor) 
Yet, smee the gastnc mucosa and the stomach walls are permeable to ethyl alcohol, 
for example (53), it becomes apparent that gastric absorption may be of some physio- 
logical significance m nutrition and therapeutics and of special significance m toxi- 
cology and allergy, despite the fact that the capacity of the stomach for absorption 
IS not nearly so great as that of the mtestme 

No review of what has been accomplished m the studies of absorption from the 
stomach would be complete without mention of the procedures used, particularly 
smee divergent conclusions regardmg absorption are often the consequence of differ- 
ences m methods 

Among the eipenmental techmques m detenmmng gastnc permeability, closure of the pylonc 
region in order to obviate contact between the material mvesUgated and the highly absorpuve small 
intestme has been one of the most frequently used (7, 10, 16, 17 ap, 38 68, 69 78, 79, 97, 99, 104, 
109), the substances bemg mtroduced mto the stomach by mjection, by ingesdon, by stomach tube 
or by fistula (a, 57, 60-66, 74, 86, 93, J05, jo8, nr, iia) Even more frequently employed in investi- 
gations has been hgabon of both the cardiac and pylonc regions of the stomach, the test material 
bemg mtroduced by means of a small bore hypodenmc needle (4, 33-35, 39, 40, 4a, 50, 53, 54, 56, 
71. 75, 76. 77, 98, 107, 114) 

Of these two methods, the latter is preferable, smee m its use one does not have to be concerned 
with the possibility of absorption by the esophagus, as the test matenal is passmg along it to the 
stomach, or with the problem of regurgitation On the other hand, hgation of cardia and pylorus 
Introduces the possibihty of creatmg abnormally high ‘filtrauon’ or hydrostaUc pressures m those 
instances where appreciable volumes of fluid may be mjected (cf 36, 37, 53) However, where 
hgation techmques are to be employed cannulation at either the cardiac or pylonc end of the stomach 
is an obvious way of solvmg the potential problems of either esophageal absorption or mcreased 
hydrostatic pressure. 

Aside from the objections mentioned, there are two others one pertams to the condiUon of the 
stomach following hgation, the other, to the element of time. While it is true that the ligated or the 
hgated and cannulated stomach or the stomach with fistula is unphysiological, it wnll be conceded 
that abnormal conditions must of necessity be the case m many instances of biological e.xpenmenta- 
lion and that, where comparative data are obtamed under identical condiUons, the vahdity of the 
comparisons Is not impaired More senous, however, is the enuasm that m attempts to demon- 
strate gastnc permeabihty, many miesngators have allowed the substance tested to remam m 
contact with the gastnc mucosa for inordmatelj long penods, even considermg the length of time 
necessary for complete emptjTng of such matenals as fats, proteius and carbohydrates. 

1 Present address Division of Research Grants and Fellowships, the NaUonallnstitutes of Health, 
Bethesda, Md. 
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of 60 mg and 100 mg of HCN (as the salt) mto stomachs hgated at cardia and 
pylonis residted m death in 12 and 15 minutes, respectively Meltzer felt that the 
absorption of HCN may have been due to diffusion of the highly volatile HCN (in 
acid gastnc juice) and/or the production of a hemorrhagic surface on the mucous 
membrane, which would facihtate absorption. 

Regardmg other inorganic aads, Teorell (105a) m 1933 showed that m decere- 
brate or anesthetized cats the stomachs of which were tied off at both pylorus and 
cardia, with a cannula being inserted mto the pyloric end, a very active disappear- 
ance of HCl occurred and that this absorption of the aad was a consequence of 
rapid diffusion of the hydrogen ion mto the gastric mucosa Although Klimov and 
Kudriavtsev (55) found that natural gastric juice and o 2 per cent HCl can be ab- 
sorbed to the extent of 35 per cent to 45 per cent m calves and Feitelberg (31), likewise, 
found natural gastric juice to be absorbed by the stomach of the dog, Hollander 
(48a) and Wilhelmj (113a) m their studies on gastric secretion came to the conclusion 
that absorption of HCl from the stomach could not have occurred as stated by earher 
workers Support to the latter view was rendered by Shay et al (94a) who were 
unable to find evidence of absorption of o 5 per cent to i o per cent HCl m 30 nunutes 
from human stomachs Nevertheless, Teorell (losb) agam reported that the gastnc 
mucosa of the cat was permeable to both weak and strong aads 

Of the experimental data presented by the proponents and the opponents of the 
theory that the gastnc mucosa is permeable to morganic acids, the most cogent 
arguments are to be found among the proponents Added support to the vahdity 
of the data and conclusions regardmg positive gastnc permeability to acids is afforded 
by the experimental results with both volatile and non-volatile organic aads reported 
m the followmg paragraphs 

Inouye and Kashiwado (50) concluded that the gastnc mucosa of the dog 
absorbs salol (phenyl sahcylate) and sahcyhc aad They stated that it is probable 
that not salol but its hydrolytic product, the aad, is actually absorbed from the 
stomach Pnor to the work of these authors. Stem (102) had also reported the 
penneabihty of the stomach to saloL Confirmation of the gastnc penetration of 
sahcyhc aad came from Carnot, Papaconstantinou and Simonnet (15) who reached 
the conclusion that absorption of sodium sahcylate was posibve when the stomach 
contents were aad and negative when the gastnc contents were neutral or alkalme 
The absorption m the aad stomach was so rapid that sahcylate was detected m 
serum from the third mmute after the salt was mtroduced mto the dog stomach 
hgated at both ends The total amount absorbed was about 30 per cent of o 50 
gm given as a 10 per cent aqueous solution The serum concentration of sahcylate 
was mcreased when the stomach was m the fastmg state and when there were gastnc 
lesions (gastntis) m the mucous hnmg 

Studying the absorption of volatile acids from the rumen of sheep, on the basis 
of the acid content of blood drawn from veins of the rumen, McAnally and Phillipson 
(73) mtroduced sodium acetate, propionate and butyrate mto fistulas m the rumen 
They found that mtroduction of sodium acetate mto the fistula caused an immediate 
maease m the concentration of volatile acid m the blood from the rumen, whereas 
an equunolecular solution of the butyrate caused no significant mcrease. This 
observation suggested that the rate of absorption depends on the size of the molecule 
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Still another technique employs the pnnaple of blocking the opening betiveen stomach and 
duodenum by use of an inflatable balloon (12, 93, in, 113) While this method has the advantage 
of bemg more ph> siological than the preceding ones, reproduabihty of closure is more exact m the 
former, in n hich, also, leakage is less likely to occur 

Some investigators have closed the pylorus by introducmg aad mto the duodenum just below 
the p\ lorus, the pylorospasm thus produced bemg said to last for several hours (22, 94) Here, too, 
the questions of leakage and of exact reproduabihty of extent of closure from animal to animal have 
yet to be satisfactonly answered 

The Pavlov and Heidenham pouch methods have also been frequently employed (18, 19, 30- 
3^1 SSi S 9 > 72, 89) Although the problems mherent in the previously mentioned methods are not 
encountered here, absorption studies by these procedures have been usually confined to only a part of 
the stomach, whereas, frequently, conclusions have been referred to the entire stomach 

The method of mtroduang two substances simultaneously, the gastric absorption character- 
istics of one bemg known, has been used occasionally, although this procedure is not popular In the 
latter method, the pylonc opemng is left unhgated After a given time mterval, the stomach con 
tents are withdrawn and the amount of ‘unknown’ absorbed is detenmned and expressed as a per- 
centage based on the amount of the “known’ present and the amount previously detenmned as bemg 
absorbed under the eipenmental conditions (49, s^i 83) This method fails to account for the 
possibihty of differential expulsion mto the mtestme. 

Finally, in studies on the absorption of morganic iron, fats and dyes, a few investigators have 
employed the histological techmque, exarmnation bemg made of the gastric mucosa (i, 41, 44, 48, 

78, 9a) 

WATER 

The gastric absorption of water has been studied m human bemgs, dogs, catsi 
sheep and calves Of the various mvestigators mvolved m these studies, Bdnnmger 
(10), Edkins (26), Jaworski (51) and von Mermg (112) presented data which purported 
to show that absorption of water does not occur or occurs only to a negUgible extent, 
while the results of Brandi (12), Feitelberg (30), Khmov and Kudnavtsev (55), 
Pfeiffer (85) and Trautmann (108) suggested the contrary 

Little credence, however, should be given to the results of the former group, 
smee either the methods employed were faulty or the conclusions did not logically 
follow the experimental data In the latter group, too, criticism may justifiably be 
leveled at the findmgs of Brandi (12), because of his use of the balloon technique, 
and especially at those of Pfeiffer (85) The evidence presented by the others m the 
second group, particularly that appearing m the report of Feitelberg (30), is, how- 
ever, convmcmg 

Fmally, m 1943, Cope, Blatt and Ball (18) mvestigated the exchange of water 
across the gastric membrane by observmg the absorption of heavy water (deuterium 
oxide — D2O) from stomach pouches m the dog One animal had a pouch of the 
fundus, or acid-secretmg piortion of the stomach and another, a pouch of the gastric 
antrum Under the conditions of the experiment, half of the DjO was absorbed m 
approximately 20 mmutes There was no significant difference between the body 
and the antral pouches m the rate of absorption Whether the body pouch was m a 
secretmg or restmg state also made no difference m absorption If it is assumed that 
the gastric membrane handles DjO as it does H2O, it can be concluded that there is a 
rapid exchange of HjO between the gastnc contents and body fluids 

ACIDS 

That the absorption of HCN from the stomach is rapid was reported by Meltzer 
(76) who found that m unstarved rabbits weighmg about 2 2 kg , the introduction 
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grains produced no symptom^ in 35 hours Negative results on the horse were also 
obtained by Perosmo el al (84) and by Berard (6) with 5 grains of str^ T . hnm e sulfate. 

In cats, according to Dixon (23), injection of strychnine into the hgated stomach 
was followed by symptoms of poisonmg m 30 mmutes 

In rabbits, although actii'e absorpbon from the gastric cavity was demonstrated 
by Brooks (14), Meltzer (76) found that absorption of strychnme, with both cardiac 
and pylonc ends hgated and with blood vessels carefully excluded, did not occur 
even after 19 hours with a dose of 60 mg , whereas, when the drug was mjected mto 
the stomach wall, the tetanic effects were quickly evident Even 60 mg m 10 ca of 
a 40 per cent alcohol solution given to a o 98-Lg rabbit fasted for three days produced 
no effects m 15 hours Meltzer (77), m a subsequent paper, reported that m dogs 
with pylorus and cardia hgated, zf mg/kg of stiynhiime had no effect m 2^ hours 
and 3 mg had no effect m 2 hours, but 20 mg/kg caused tetanus m 42 minutes 
The absorbent power of the fundus seemed to be even lower than that of the entire 
stomach Likewise, Inouye and Kashiwado (50) were unable to demonstrate 
absorption even after 50 hours followmg the mtroduction of 5 cc. of atropme m i 
per cent and 2 per cent solutions m fasted dogs or cats with both cardia and pylorus 
hgated, when the end pomt used was dilatation of the pupil, although the unabsorbed 
drug was found active when placed m the eye of a test animak 

Usmg goats, Trautmann (108) prepared fistulae in the paunch, reticulum and 
abomasum, and inserted cannulae mto the fistulae Atropme and pdocarpme were 
found to be rapidly absorbed from all three compartments 

In a study of the influence of the hydrogen ion concentration on the absorption 
of alkaloids from the stomach, Travell (107) showed that m the cat and dog, with 
hgated cardia and pylorus, alkaloids, mcludmg atropme, were not absorbed to any 
extent from the stomach when the reaction of the gastnc juice was strongly aad 
But, when the gastnc juice was rendered alkahne with NaHCOj, alkaloids were 
rapidfy^ absorbed from the hgated stomach S imil ar results were obtamed with 
cocame, nicotme, strychnme and physostigmme. In the case of strychnme, the 
rate of absorption vaned m general with the and the dose, decreasmg with mcrease 
m acidity Observations were conducted on the hgated organ for as long as 24 
hours or more. 

However, previously, when Ryan (89) mtroduced about one mg/kg of strych- 
nme mto a miniature Pavlov pouch of such nature that the alkaloid was limited to 
the gastnc mucosa, and the aadity of the stomach was o 35 per cent m terms of HCl, 
a sufBcient amount of a o 5 pet cent aqueous solution of the mtrate was absorbed m 
nme mmutes to cause changes m the reflexes of the nnimal. 

Although the data from the several mvestigations tend to confuse the picture 
regardmg the inherent idle of m gastnc permeability, it is, nevertheless, clear 
that sufBcient absorption of alkaloids may occur to produce toxic symptoms m the 
animal 


CAEBOHVDEATES 

Perhaps the most controversial issue m the field of gastnc absorption is the 
question of the permeabihtj' of the stomach to carbohydrates Aligned on the side 
of positive absorption of glucose are Brandi (12), Delhougne (22), Edkms (27), 
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Continuing the study of absorption of volatile aads, Barcroft, McAnally and Philhp- 
son (3) reported that when 25 grains of acetate in 2 liters of H2O and equunoleculw 
concentrations of propionate or butyrate were introduced into the rumen of sheep, 
the acetate and propionate appeared m the blood withm five mmutes, while the 
butyrate was hardly at aU. absorbed withm this period Positive results similar to 
those obtained m the sheep were obtamed m the pig also 

In the rabbit and pony, however, Barcroft el al (3) were unable to demonstrate 
absorption of acetate, propionate or butyrate, and m the dog, Klemperer and Scheur- 
len (54) were unsuccessful m their attempts to find evidence of absorption of oleic 
aad 


ALCOHOLS 

Much of the work relatmg to absorption from the stomach has been conducted 
with ethyl alcohol Regardless of the techniques and animals employed, there has 
been essential agreement concemmg the significant disappearance of ethyl alcohol 
by virtue of its abihty to penetrate mto the stomach wall (7, ii, 12, 16, 22, 28, 31, 
32, 40, 55, 81, 93, 104, 105, 112) Only the data of Rasmussen (87) and of Dybmg 
and Rasmussen (25) obtamed on rats mdicate that absorption of alcohol is insignifi- 
cant and these workers attnbute the poor absorption to the fact that the stomach of 
the rat differs from that of other species m that two thirds of the rat stomach con- 
sists of a membrane which has a multi-layered, glandless, relatively impermeable, 
‘homy’ epithelium However, Haggard, Greenberg and Lolh (38) and Karel and 
Fleisher (53) have offered evidence of the consistent and significant absorption of 
ethyl alcohol m this species 

Investigations of the gastric absorption of alcohols other than ethyl have been 
limited to methyl alcohol, shown by Haggard el al (38) to be rapidly absorbed, and 
to propylene glycol Lehman and Newman (58) introduced 6 cc. of propylene 
glycol per kg of body weight into the isolated stomach of the dog and found, at the 
end of 120 mmutes, that the blood propylene glycol was only about i o mg per cent 
However, accordmg to van Winkle’s data (109) when 10 cc of 10 per cent propylene 
glycol per kilo of body weight was mjected mto the hgated stomachs of cats and 
rabbits, about 8 per cent was absorbed m 10 mmutes, about 18 per cent m 30 mm- 
utes, 21 per cent m 60 mmutes and 30 pier cent in 120 mmutes Rats showed a 
somewhat more rapid absorption of the glycol than cats and rabbits, but the quanti- 
tative relations were similar 


ALKALOIDS 

Confirmabon of the ongmal observabons by Magendie (71), that strychnme 
can be absorbed from the hgated stomach of the dog, has come from several mvesb- 
gators and has been extended to mclude other species as well Thus, Cohn and 
Bouley (17) were able to demonstrate m dogs that death could occur withm five 
mmutes after the mjection of 5 to 7 grams of an alcohol extract of nux vomica mto 
the hgated stomach, although alcohol itself apparenby did not significantly mcrrase 
permeabihty (13, 76, 77 ) Similar results were obtamed by Cohn and 
m the rabbit and pig, m the cow, spasms did not occur until 4} houre after 
jecbon of 32 grams mto the fourth stomach (abomasum), while m horses ev 3 
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of sugar one to two hours after its introduction averaged 99 3 d= i 2 per cent of the 
glucose administered In two control trials, 99 i ±02 per cent was recoTCred im- 
mediately after its mtroduction had been completed The quantities given ranged 
from 5 to 47 grams m concentrations rangmg from 2 8 to 38 per cent These results 
were mterpreted by Maddock and his colleagures as demonstratmg that the absorp- 
tion of glucose m significant quantities from the stomach of the dog does not take 
place 

In 1936 Feitelberg (31) conducted a senes of studies on 2 dogs with isolated 
Pavlov stomachs The stomachs contamed a metal fistula tube and the pouches 
were formed from the fundic portions of the gastnc cavity The tests were made on 
an empty stomach foUowmg 16 to 18 hours of fastmg The carbohydrates tested 
were mtroduced through the fistula tube and were left m the stomach for hours 
The strength of the solutions vaned between 5 and 30 per cent and the amount 
mtroduced ranged between 20 to 30 cc. The solutions were warmed to 38° C pnor 
to their use. Recovenes were estimated by means of a Zeiss-Volny refractometer 
Blood sugar both before and after mtroduction of the carbohydrates into the gastric 
cavity was estimated by the Hagedom- Jensen method The results obtamed by 
Feitelberg were as follows 

The absorption of glucose begins only with the introduction of solutions of 10 
per cent or greater, the higher concentrations producmg somewhat greater absorp- 
tion, although the amount of absorption after one hour is not significant As would 
be expected, the longer the sojourn m the stomach, the greater the absorption In 
one experiment, 25 95 per cent of 27 cc of an ii 8 per cent glucose solution was 
absorbed m 120 mmutes Controls to determine the extent of decomposition of 
sugar m the stomach were negative after 12 hours contact of gastric mucus secreted 
for 2 hours from the isolated stomach and glucose m Hiss’ Medium The resorption 
of galactose was found to be considerably higher than that of glucose, 23 98 per cent 
of 22 cc of a 21 5 per cent solution bemg absorbed m one hour and 40 64 per cent in 
two hours Blood sugar mcrease could not, however, be detected In solutions 
weaker than 22 per cent, levulose was not absorbed as well as glucose With 22 to 
2$ per cent solutions, the absorption almost equalled that for glucose Agam, 
hyperglycemia — as m the case of glucose — was not demonstrable The resorption 
of lactose was poorer than that of galactose and was almost equal to that of glucose 
No mcrease m blood sugar could be detected for the solutions used, which ranged 
from 6 to 20 per cent m strength There was no absorption of low concentration 
sucrose solutions m one hour, but mcreasmg the concentrations to 38 per cent mark- 
edly mcreased absorption However, the absorption of sucrose was poorer than 
that of other sugars, as m the previous instances, blood sugar mcrease could not be 
detected 

Resortmg to the technique of closmg the pylorus by duodenal stimulation, 
Shay el al (94) studied the absorption of glucose m the stomach, as affected by duo- 
denal stimulation by HCl, ohve oil, NaHCOj, sahne and glucose. Five mmutes 
after the duodenal instillation of the stimulant, 225 cc of about 40 per cent glucose 
mixed w ith 2 ounces of BaSO« were mgested The instillation was contmued for 30 
mmutes Fluoroscopic observations and roentgenographic records were made at 
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Freund and Stemhardt (36), Holtz and Schrelber (49), Klemfierer and Scheuilen (54), 
Segall (93), Smith (97), Strauss (103), Tchekounow (105), Teorell (105b), von Anrep 
(in) and von Menng (112), and, regardmg mulm, Heupke and Blanckenburg (47) 
However, only the data of Edkms (27), Klemperer and Scheurlen (54), Smith (97) 
and Teorell (105b) appear to be clearly imequivocaL 

London and his co-workers (60, 62, 64), on the contrary, are m complete disagree- 
ment, stating that carbohydrates, mcludmg glucose, sucrose, starch, amylodextnn 
and erythrodextiin defimtely are not absorbed by the stomach of the dog Con- 
firmmg the latter data on the impermeability of the gastric mucosa of the dog to 
carbohydrates is the more recent report of Maddock and his colleagues (69) Funda- 
mentally m agreement with the previously enumerated authors who beheve that 
sugars cannot penetrate the mucosa of the normal stomach are Fenton and Pierce 
(32a) and MacLeod el al (68) whose mvestigations were conducted with rats, and 
Martmi el al (72), who worked with dogs All three groups present data mdicatmg 
that while absorption may occur under certam conditions (see below), even when it 
does occur, it is not appreciable 

MacLeod, Magee and Purves (68) deterrmned the ertent of absorption of glucose 
m the stomach of rats, usmg the techmque of hgatmg the pylorus, but leavmg the 
esophageal openmg to the stomach untouched To prevent regurgitation, the 
esophagus was hgated before excismg the stomach The anunals, anesthetized with 
urethane, were given i to 2 cc of glucose solutions varymg m strength from 14 to 
51 5 per cent The time of contact between glucose solution and gastnc mucosa 
was varied between o i hour and 2 hours No appreciable absorption was found 
The glucose recovered ranged from 95 5 per cent for i cc of a 20 per cent solution 
left m the stomach for i hour to 99 per cent for i cc of a 51 5 per cent solution left 
m the stomach for o i hour There was no apparent correlation between concentra- 
tion of glucose solution, tune of sojourn m the stomach and percentage absorbed 

Maddock, Tnmble and Carey (69) measured absorption by determmmg the 
sugar content of blood from the gastnc vems Amytal was used as the anesthetic, 
suice it has no hyperglycemic effect. As it is known that losses of gastnc secretions 
may occur imder anesthesia, these authors confirmed theu experiments conducted 
with the a nima l under anesthesia by a prehmmary surgical procedure which enabled 
them to close the pylorus after the animal had fully recovered from the operation 
At the beginnmg of the absorption experiment, the pylorus was blocked and a solu- 
tion of glucose was mtroduced mto the stomach After a known mterval, the animal 
was killed by amytal, the stomach was removed, its contents were collected and the 
sugar present was determmed. The esophagus was ligated at its upper end before 
recovery of glucose from the stomach was attempted The blood sugar was measured 
by the microfemcyanide method of Folm and Malmros The determmations of 
blood sugar were made m samples — drawn 20, 40 and 60 mmutes after the sugar 
solution was given to the animal The authors stated that the sugar content of 
blood from the small vems of the stomachs of 4 dogs was not definitely m excess of 
the probable errors of samplmg and of measurement when amytal anesthesia was 
used In six expenments without anesthesia, where absorption was determmed by 
the difference between the amount given and the amount remammg, the recovery 
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Klemperer and Scheurkn On the other hand, Schillmg (92) reported that m 
calves fed fats the gastnc mucosa was thickly imbedded with fat droplets, thereby 
mdicatmg absorption The droplets were found not only m the epithelium, but 
also m the tunica propria and m the parenchyma A similar observation regarding 
the plaice (a member of the flounder family) was made by Dawes (21), who hkev ise 
resorted to histological exammation as evidence of absorption. 

FoUowmg earher experiments by Baumann (5), Mendel and Baumann (78) 
asserted that, although from the histological findings it appeared that an mcrease 
m the amount of fat m the gastnc mucosa and submucosa resulted when fat was 
mgested and that the appearance strongly resembled the microscopic pictiue ob- 
tamed dunng mtestmal fat absorption, their experunents on cats and dogs, m which 
the stomach was hgated at the pyloric end and m which they followed fat content 
of the blood and traced oil soluble dyes, mdicated that no active absorption of fat 
occuned from the hgated stomach The materials used were cream, peanut oil 
emulsion (peanut oil — ^45%, lecithm — 5%, water — sc%), ohve oil and Sudan lH 
stamed fat. Experunents contmued for 6 to 12 hours dunng which the thoracic 
and common bile ducts were cannulated, but no fat was ever found m the lymph 
channels or m the portal circulation 

Although the weight of the currently available evidence (22, 54, no) is such as 
strongly to suggest the vahdity of the statements made by Mendel and Baumann 
(78), this evidence does not refute the histological Rather, it merely imphes that 
not enough fat is absorbed to yield positive proof of its absorption by blood exami- 
nation Were it possible to sensitize animak to the various fats as it is to proteins, 
It might be found by sensitization phenomena that some fats are able to penetrate 
the normal mucosa 

PROTEINS AND PROTEIN CLEAVAGE PRODUCTS 

From experiments with the hgated stomachs of cats and dogs mto which, at 
different times, peptone, taurme, albumoses, acid-albumm {syitiomn), fibrm and 
glycme were mtroduced and aUowed to remam m contact with the stomach tissues 
for penods which varied from 30 mmutes to 4 hours, depending on the mvestigator. 
It was concluded by Brandi (12), Delhougne (22), Lang (57), Salaskm (90), Tappemer 
(104), Teorell (105b), Tobler (106), von Anrep (in), von Mermg (112) and Zunz 
(114) that the gastnc mucosa is permeable to proteins and then cleavage products — 
although Delhougne also reported that no absorption of glycme occurred pnor to 
2\ hours and that even at 4 hours, peptone remamed unabsorbed With the excep- 
tion of the work by Tappemer (104), Teorell (105b) and Zunz (114), however, the 
likelihood of leakage mto the highly absorptive duodenum was present m the studies 
reported 

In regard to other species, Smith (97) published data which was mdicative of 
marked absorption from the hgated frog stomach, while Scheunert (91), whose 
findmgs are questionable, stated that the absorption of protem m horses was to a 
degree dependent on the digestibihty of each mdividual substance and was com- 
parable to that m the dog Khmov and Kudnavtsev (55), usmg stomachs isolated 
by the method of Heidenham, found definite gastnc permeabflity of glycme m bull 
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frequent intervals m order to make certain that none of the gastric contents had 
left the stomach In addition, duodenal contents were checked for sugar every lo 
mmutes On the basis of their data, these authors concluded that glucose, at least 
when m high concentration, may be absorbed by the human stomach In a subse- 
quent paper on the absorption of glucose from the human stomach, Shay el al (95) 
agam concluded that considerable amounts of glucose may be absorbed by the stom- 
ach alone from solutions of high concentration From concentrations below 15 per 
cent, no appreciable absorption could be demonstrated 

Determmmg the absorption of glucose one hour after its mtroduction mto the 
hgated stomachs of dogs, Morrison et al (79) found that glucose is absorbed from 
the stomach when present m high concentrations and that the rate of absorption 
seems to bear a relationship to the concentration of the solution m the stomach 
In 1940, Rankm (86) workmg with sheep reported that when 2 molar dextrose 
was placed m the isolated rumen m a ratio of 4 gm/kg body weight, the absorption 
of dextrose as determmed by mcrease m blood sugar levels was marked 

By usmg a modification of the balloon technique to close the pylorus, Warren 
et al (113) were able to study the absorption of glucose m the human stomach 
They stated that when concentrated glucose solutions were mgested, a certam 
amount left through the stomach wall durmg the first short period of contact The 
indirect evidence was supported by expenments m which the pylorus was mecham- 
cally closed The strength of the glucose solutions vaned between 2 46 and 60 3 
per cent and the mterval between mjection of the glucose through the stomach tube 
and withdrawal of samples by washmg vaned from 4 to 37 mmutes In no instance 
was more than approximately 13 per cent of the sugar absorbed 

In general, the foUowmg conclusions may be drawn from the data of the authors 
mentioned a) Little, if any absorption of glucose or sucrose from solutions of low 
concentrations (<15%) occurs dunng the first hour or two, b) where the concentra- 
tion of glucose, sucrose and some other carbohydrates is greater than about 20 per 
cent, absorption for some, but not all, can be decisively demonstrated, particularly 
when contact between carbohydrate solution and gastnc mucosa is greater than one 
to two hours (when concentrated solutions are used, however, much of the pennea- 
bihty may be the consequence of mucosal congestion produced by the hypertonic 
solution (cf Brandi)), c) often, although the data are acceptable, an msufficient 
number of expenments has been reported to justify general conclusipns, and d) 
species variation may play an important r 61 e m the divergence of results 

FATS 

In 24-hour fasted dogs m which the pylorus and cardia were hgated, Klemperer 
and Scheurlen (54) found that olem was not absorbed in three or m six hours A 
similar conclusion was reached by Volhard (no), who reported that unspbt egg and 
milk fat does not permeate the stomach even after contact of two and one-half hours, 
and by Delhougne (22), who found no absorption of tnolem m three hours While 
the work of both Volhard and Delhougne is subject to the criticism that some of the 
experunen tally employed fat may have escaped mto the mtestine, the negative results 
obtamed even with the possibly faulty techmque strengthen the conclusions o 
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employed m the experimental evaluation of the absorption of protems and their 
cleavage products from the stomach mevitably leads to the conclusion that not only 
may absorption occur, but that it can occur quickly foUowmg mgestion 

GASES 

With the exception of the conclusions m the paper of Bassal and Uteau (4) 
cited below, which may be discounted, it is agreed that gastric absorption of gases 
may occur Von Mermg (112) noted that when soda water was mtroduced through 
a hstula mto the stomachs of dogs, HjCOj, presumably as CO2, nas absorbed m 
large amounts Much later, Edkins and Murray (28) stated that m decerebrate 
cats, with esophagus ligated and pylorus cannulated, the rate of absorption of COj 
was mcreased m the presence of alcohol and vice versa In 1926, Mclver, Redfield 
and Benedict (75) reported that a stud}' of the behavior of CO2 m the stomach, as a 
typical case of gaseous exchange, resulted in strong evidence that the movement of 
the gas mto and out of the stomach was not due to secretory factors, but was governed 
by the physical laws of diffusion (cf von Mermg, 112) The gas to bestudied was 
mtroduced mto the stomach, hgated at the cardia and pylorus, of cats fasted 24 to 
48 hours but allowed free access to water The stomach was washed out with ivarm 
water before the experiment and the body temperature was measured and mamtamed 
by heatmg pads They found that of 50 cc. of Oj mtroduced, 6 7 cc were absorbed 
m one hour, while 194 cc were absorbed m three hours The absorption of CO3 
was greater, 39 o cc of the 50 cc bemg absorbed m 15 mmutes On the other hand, 
Nj was absorbed only to the extent of about one cc m one hour One hour after the 
mtroduction of 60 cc of air, the analysis of the gas w ithdrawm was COs — 5 2 per cent, 
3 per cent and Nj — 79 5 per cent 

In 1912 Bassal and Uteau (4) hgated the cardia and pylorus of gumea pigs 
and rabbits Results with CHCb, (C!H»)30 and CO were negative for periods of 
20 to 25 mmutes, but the analytical data are questionable 

Smgh (96) estimated from his experiments m which the pylorus was not ligated 
that the possible maximum rates of absorption of O2 from the stomach were o 2 to 
04 cc/mm as measured from change m oxygen consumption through the lungs 

Accordmg to Fme, Sears and Banks (33), when the hgated stomach of a cat 
breathmg Oj was distended with Nj, the total gas volume was as a rule about as 
great after periods varymg from 6 to 24 hours as at the begmnmg of the experiment 
VTien H2 was used instead of Nj, the total gas volume was reduced about 10 per 
cent after 12 to 24 hours Smce other gases diffused mto the stomach until an equik- 
bnum was established, it appeared that on the basis of gas analyses, both N; and H; 
were absorbed from the stomach 


DYES 

lvoba}'ashi (56) hgated the cardia and py lorus of dogs by the standard technique 
m which the blood i essels leadmg to and away from the stomach are left mtact To 
determme positively that any dj estuff not recoi ered from the stomach contents had 
been absorbed rather than adsorbed, he collected control samples of bile, unne and 
serum Then, 50 cc of o 5 per cent dy e solution was mtroduced by a thm needle 
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calves, Davey (20), on the basis of osmotic data obtamed by the freezmg pomt deter- 
mination procedure of Beckmann, suggested that absorption occurs from all four 
stomach compartments of the sheep (reticulum, rumen, omasum and abomasum), 
although only the abomasum has a hnmg epithehum of secretory cells and is com- 
parable with the stomach of the non-rummant 

Usmg stomach and pylonc fistula animals, London el al (60), London and 
Suhma (61) and London and Polowzowa (62, 63, 65, 66) emphatically disclaimed the 
likelihood that there could be any absorption of pro terns or protem cleavage products 
by the non-pathologic canme stomach, although m an earlier mvestigation, Abder- 
halden, Prym and London (2) made the statement that absoiption, if it does occur, 
is slight, and in part of London’s subsequent data there is evidence, which the authors 
choose to doubt, that absorption, though small m extent may, nevertheless, occur 
The vanous substances mvestigated mcluded egg albumen, glycme, !(-[-) alanme, 
dl-leucme, casern, serum, gelatm, glutamme and edestm Comparable results with 
glycme were achieved by Martmi el al (72), who employed the Pavlov pouch tech- 
nique m dogs 

Followmg heated controversies durmg which many laboratones were overtly 
mvolved m the question of protem permeabihty, Folm and Lyman (34, 35) reported 
on their work with cats m which hgatures were placed at both the cardiac and 
pyloric ends of the stomach After the substance to be tested was mjected mto the 
gastric cavity, the abdomen was closed At suitable mtervals, 5-cc samples of 
blood were taken from the carotid and femoral artenes and ahalyses for digestion 
products were made Also, at the end of the experiment, splenic and enteric tnbu- 
tanes of the portal vem were hgated and a sample was taken from the portal vem 
which was by this means robbed of all but its gastnc branches They found that 
the non-protem mtrogen of the blood steadily mcreased (up to about 180 minutes 
after mjection) for the following, while the urea nitrogen remamed constan t glycme 
(61 gm m 40 cc of warm water were mjected mto the hgated stomach), alanme 
(6 4 gm m 50 cc of warm water were mjected), Witte’s peptone (8 o gm m 40 cc 
of warm water were mjected) With creatmme, the N P N did not mcrease up to 
5 hours and 10 mmutes after mjection of 2 8 grams m 50 cc of warm water The 
creatmme was quantitatively recovered The expenment was repeated with the 
same result, showmg no absorption of creatmme When i 8 grams of urea in 25 cc 
of warm water were tested, it was found that urea was absorbed The earhest time 
of mcrease m N P N for the vanous substances was alanme — 30 mmutes, Witte s 
peptone — ^30 mmutes, glycme — ^38 mmutes and urea — 90 mmutes 

Recently, Harten el al (42) used a quahtative test of absorption dependent on 
the prior sensitization of a cutaneous site to the antigen to be studied The urti- 
carial reaction at the sensitized cutaneous site withm a few mmutes marked the 
entrance of unaltered protem mto the cuculation In this manner, the absorption 
of unaltered cottonseed protem was experunentally demonstrated to occur from the 
esophagus and from the fastmg, hgated stomach m the rhesus monkey, the absorp- 
tion tune from the stomach havmg been ii mmutes m one monkey and 2 mmutes 

A critical interpretation of the physiological and the chemical analytical methods 



Ockbtr 1048 


GASTRIC ABSORPTION 


445 


lasting 24 to 120 hours Hofmann (48) was also unable to show by histological 
means that iron is absorbed from the stomachs of human bemgs or of gumea pigs 

However, m 192S, Starkenstem (99), after workmg with frogs, rabbits and rats, 
stated that all parts of the gastro-mtestmal tract are capable of the absorption of 
iron Finally, m 1943, Hahn ei al (38a), employmg radioactive iron, were able to 
show that very active absorption of Fe could occur from a gastnc pouch of a com- 
pletely isolated stomach of a dog WTiile only one animal was used m the experi- 
ment of Hahn and his colleagues, the evidence is such that the successful repetition 
of their findmgs is quite likely Meanwhile, m simultaneous studies not reported 
until a year or so later, Vahlquist et al (io8a) estabhshed that m mdividuals with 
artifiaal stenosis of the pylorus iron is absorbed from the stomach m rabbits and m 
man Significant mcreases in serum Fe++ following the administration of the lactate 
occurred m all subjects m 45 min utes or less 

irrscELiANEons 

Whfle much of the data on the absorption of salts may be cnticized because of 
inadequate control observations, there is, as with alcohol, no fundamental disagree- 
ment regardmg the permeabihty of the gastric mucosa to salts Moreover, enough 
sound positive evidence (cf 17, 19, 29, 39, 43, 55, 74, 86, 105b) is available to obviate 
doubts concenung the absorption of salts m general and of morgamc salts m par- 
ticular 

In 1880, Tappemer (104) asserted that although NajSOi could be absorbed, of 
I 57 grams of the salt mtroduced mto the hgated stomachs of cats and of dogs, only 
about 16 percent had disappeared from the stomach after 3J hours, whereas chloral 
hydrate was absorbed only fromalcohohc solution and not at all from its aqueous solu- 
tion Subsequently, absorption of salts, among them NH4CI, NaCl, CaClj, NaHCOj, 
NajCOj, CHaCOONa, KI (or Nal) and KBr were reported by Bbnmnger (10), 
Brandi (12), Jaworski (sr), Klimov and Kudriaxbsev (55), Roth and Strauss (88), 
Teorell (105b) and von Mermg (112) More recently, McDonald (74a) has shown 
that absorption of ammonia occurs from the rumen of sheep 

Brandi (12) noticed that m all instances where absorption had occurred, the 
gastnc mucosa was measurably erythematous After mvestigatmg the effect of 
several stomachics on the gastnc permeabihty of aqueous solutions of different 
substances, he concluded that the mcreased mtragastnc penetration was probably 
the consequence of irritation of the mucosa. 

On the basis of positive urme tests foUowmg the mtroduction of o 5 gram quanti- 
ties mto the stomach, Delhougne (22) stated that the absorption of EH and of sodium 
salicylate had occurred withm two hours, while that of KBr, pyramidon and q uinin e 
had occurred wi thin one hour 

FoUowmg the study of Starkenstem and Hahnel (100) on factors affectmg the 
absorbabUity of magnesium salts. Hay (43) studied the absorption of sahne cathartics 
m the cat and concluded that Na;SO« was absorbed to a slight but significant extent 
Jaworski (51), usmg his previously described techmque, listed the decreasmg order 
of absorbabUity as o) HsMg 2 (CO3) > NaHCOj > NajSOj > Mg SO* > NaHPOj 
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into the stomach and, to compensate for loss of body fluids withdrawn as samples, 
an eqmvalent volume of salme was mjected subcutaneously Every hour, bile, 
urme and serum were collected for comparison with the controls Each animal was 
observed for more than eight hours At the end of an experiment, the animal was 
sacrificed and the stomach contents were analyzed Kobayashi concluded that, m 
general, a dyestuff which has great diffusibihty can be absorbed by the stomach, 
whereas a dyestuff which has little diffusibihty cannot be absorbed by it This 
fact IS not influenced by many conditions, for example, acid or base reaction, chemical 
structure, solubihty m hpoids or vital stammg Diffusibihty was determined by 
placmg o 5 per cent dye m agar-agar gel and measurmg the diffusion of the dye mto 
the gel for an eight-day period Those dyes, accordmg to Kobayashi, havmg a 
diffusibihty greater than 5 5 ^ tie absorbed by the stomach Those with less 
than 5 o cm cannot be absorbed In all, 31 dyes were mvestigated, mcludmg 
mono- and diazo-tnphenyhnethane, xantheme, azme, oxazme and thiazme deriva- 
tives It is regrettable that data for periods much less than the selected observa- 
tion period of eight hours are not given 

Several years later, Hennmg (45) conducted a senes of experiments m which 
he allowed one per cent aqueous dye solutions to remam m contact with the gastnc 
mucosa of the frog for, usually, 5 mmutes At the end of this penod, the dye was 
washed off with Rmger’s solution If a dyemg of the cells was not microscopically 
evident, the dye was permitted to remam m contact with the stomach for 20 mmutes 
Urantn, a fluorescent dye, was strongly absorbed, espeaaUy m the uppermost por- 
tion of the glands The rapidity of absorption was such that one mmute after 
wettmg the mucosa, the dye could be detected, by its fluorescence, m the plasma. 
Eostn, erythrosm, magdalarol and trypan blue, like uramn, could be ultunately de- 
tected m the blood On the other hand, Chicago blue and diamine black did not dye 
the cells of the stomach even after contact of 30 mmutes, mdicatmg no absorption 
Several basic dyes mvestigated, like malachite green and alizarin bine, were readily 
absorbed, selectmg the edges and lacimae, but could not be found m glandular or 
mterstitial cells There was some absorption of methylene blue and congo red, but 
other dyes like neutral red and acid violet were not absorbed This author also stated 
that the chemical relationship of the mdividual dyes cannot be the basis of their 
similar biological behavior, masmuch as compounds of entirely different chemical 
constitution dyed similar cell-complexes 

IRON 

Although Hdn (41), usmg reduced iron, at first found that even after 3! hours 
there was no absorption of won as determmed histologically, he subsequently ob- 
tamed positive results at the level of the fimdus and the pars pylorica m one e.xpen- 
ment m which about one gram was admmistered, m four experiments m which o 2 
gram was given, absorption from the fundus and from the pars pylonca was positive 
three tunes 

Later, m 1900, Abderhalden (i) mvestigated the absorption of morganic iron 
m rats, rabbits, gumea pigs, cats and dogs Usmg microchemical-histological 
methods, he concluded that no iron was absorbed by the stomach durmg experiments 



GASTRIC ABSORPTION 


' 447 


Odder 

\ 

tamed one hour after administration of the hippurate, but ivas not dense until the 
fourth to fifth hour 

Sollman, Hanzlik and Pflcher (98) mtroduced one gm/Lg body weight of 
phenol mto the doubly hgated stomachs of cats and dogs Even after several hours, 
a large proportion could be removed by gastnc lavage Dunn and Perley (24), 
workmg \Yith rabbits m which the pylorus was open, concluded that the effect of 
alcohol on the gastnc absorption of phenol was shght The appearance time of 
coniailsions and the tune of death were essentially the same wath or without alcohol 
Lei'3Ti and Beck (59) mtroduced 3 gm of tetraiodophenolphthalem mto the 
Pavlov pouch of a dog weighmg 48 pounds Seven, 17, 48 and 53 hours later roent- 
genograms were made of the gall bladder, but no shadows were obtamed m any of 
the trials Introduction of 3 grams of tetraiodophenolphthalem m 30 cc of water 
and of 8 grams of dye m 60 cc also ga^ e negative results, the latter two doses placed 
mto the duodenum, however, yielded positive results 

Shortly after the appearance of the report by Penner and Hollander (83) on the 
non-absorption of phenol red, Shay et al (95) confirmed the fact that phenol red is 
neither adsorbed nor absorbed by the human stomach 

SClIMAltY 

It IS unfortunate that many mvestigators who employed the techmque of hgatmg 
both cardia and pylorus m their studies of gastric absorption overlooked the pos- 
sibihty that mcreases m hydrostatic pressure resultmg from complete hgation and 
mtroduction of relatively large amounts of fluid would tend to produce greater 
'absorption’ than might occur were the stomach contents allowed to remam at 
atmospheric pressure (cf Karel and Fleisher, 53) Nevertheless, data so obtamed 
are not mvahd even though the essential comparative data are lackmg, for sunilar 
mcreased hydrostatic pressure may occur from a variety of not only pathological 
circumstances but, also, normal conditions such as the mgestion of large quantities 
of food and carbonated beverages 

In all but a relatively few studies, absorption has been studied over penods of 
time which are abnormally long and dunng which, particularly m hgated stomachs, 
the possibihty of the occurrence of some degenerative changes, perhaps, as a result 
of neurological disturbances leadmg to mcreased permeabihty, has not been excluded 
HowcA-er, where, under the orcumstances of unduly prolonged experiments, no 
absorption of a piarticular substance was shown to occur, one may be reasonably 
certam that under normal, physiological conditions absorption of that same sub- 
stance IS very unlikely 

It IS regrettable that almost no work has been done on the complete quantitative 
recovery of test matenals placed mtragastrically Experiments have largely been 
confined to determinmg the amount of substance disappearing from the stomach and 
further proof of its absorption by detection of the ongmal compound m blood or 
other bodj fluids That work on complete recoier}'’ which hg<; been done has been 
limited almost wholly to ethyl alcohol studies 

^^^nle the need for quantitative defimtii e studies on the extent of gastnc absorp- 
tion occurring during short periods of contact, for example less than 30 mmutes, is 
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> KCl > FeClj > NaCl and b) Na2S04 > Na,COj > MgCl, > KCl > FeClj > 
NaCl 

Otto (82) reported only negbgible absorption of MgSO<, according to Myant 
(80) loss of SO4 in the quiescent stomach of the cat cannot be observed when the 
concentration of the solution is 4 pier cent or less Henrung (44) stated that the 
normal mucous membranes of the human stomach are impiermeable to iodide ion m 
aqueous solution but are permeable to iodide m alcohohc solution Hanzlik (39), 
however, found that marked absorption of Nal m water solution occurred from the 
hgated stomachs of dogs and of cats after one-half hour 

In the experiments of Eisenman et al (29), isotomc solutions of radioactive 
isotopes of Cl~, Na+ and K+ were mtroduced mto the stomach of rabbits with 
hgation at the pylorus Sometimes non-radioactive solutions contammg Br“ and 
T~ were mtroduced as weU In a parallel senes of observations, solutions were 
placed m an isolated gastnc jxiuch of the stomach of a dog By comparison of the 
specific radioactivity of serum or tissue at the end of an hour with that of gastric 
juice, an estimate of the degree of absorption was obtamed Na+, K+, Cl“ Br“ and 
I~ placed withm the stomach were all transferred to some extent across the stomach 
wall mto the general circulation The transfer after one hour, however, was too 
shght to permit an approach to equihbnum. The transfer of Na+ and K+ was much 
slower than that of Cl” which, m turn, was slower than that of Br~ and I" 

In 1943, Cope, Cohn and Brenizer (19) reported on the absorption of radio- 
active Na+ from pouches of the body and antrum of the stomach of the dog They 
found that the absorption of radioactive Na+ as NaCl withm 15 mmutes from the 
body or acid-secretmg area was small but significant Two to three times as much 
was absorbed when the mucosa was m the restmg rather than m the secretmg state 
The gastnc antrum absorbed 100 times as much pier imit of surface area as the aad 
secretmg body Whether the stomach was fastmg or secretmg made less difference 
to the absorption from the antrum than to absorption from the body Vanations 
m the osmotic pressure of the Na+ solution and m electrolytic concentration m the 
blood serum, withm the limits observed, had no significant effect on the rate of 
absorption of the Na"*" 

Accordmg to the data of Rankm (86), when 4 grams of KI were dissolved m 200 
cc. of warm water and placed m the rumen of sheep, the sahva gave a positive test 
for I” withm 5 mmutes Methylene blue which had been mixed with the iodide 
mdicated complete localization of the latter Usmg the same technique with NaCN, 
Rankm gave 04 gram dissolved m 200 cc. of saturated methylene blue In 20 
rmnutes, the anunal showed labored respiration with its head extended and tongue 
blue and, m 43 mmutes, the sheep was dead It may be recalled that m these experi- 
ments, the rumen was exposed by fistula and isolated from the other compartments 

Cohn and Bouley (17) reported that the stomachs of the dog, the cat and the 
pig absorb K<Fe(CN)8 while those of the deer and the horse do not 

By means of radiographs of the bladder before and after dosmg, McAnally and 
PhiUipson (74) detennmed that the radio-opaque salt sodium ortho-iodo hippurate, 
when administered m the quantity of 2 gm/kg body weight mto the isolated rumra, 
was absorbed, although absorption was slow A distmct bladder shadow was ob- 
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obvious, suffiaent positive evidence has been presented to indicate that the impor- 
tance of absorption from the stomach must not be hghtly discounted While the 
stomach is defimtely not an absorptive organ m the same sense as the mtestme and 
cannot be considered of especial importance m supplymg the nutntional needs of 
the normal organism, its absorptive abihty, particularly as regards substances 
physiologically active m mmute quantities, has been grossly underestunated In- 
vestigations mto the relationship of chemical and physical structure to gastric 
absorption should yield rich rewards m the mcreased knowledge concemmg allergenic 
phenomena, toxicology and rapidly effective, oral therapeutics 
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THE PHYSIOLOGY OF ADIPOSE TISSUE 

E WERTHEIMER and B SHAPIRO 

From the Laboratory for Pathological Physiology, The Hebrew University 
JERUSALEM, PALESTINE 

pnp^HE PHYSIOLOGY OP ADIPOSE TissDE has received comparatively little attention 
by physiologists Howell (i), m his textbook of physiology, comes to the con- 
elusion that “it is to be borne in mind that we know httle or nothmg concerning 
the physiology of the tissue most directly concerned in the deposition of fat, namely 
the fat cells themselves ’’ A recent review by Wells (2) on the anatomical and 
pathological aspects of adipose tissue is rightly named “The Neglected Subject ” 
The neglect is mainly due to the fact that adipose tissue has generally been regarded 
as an mert site of fat storage, without any specific metabolic activity This point of 
view IS, however, no longer tenable m face of data assembled durmg the last 20 years 
The present review will endeavor to compile data concemmg the specific physiological 
activity of adipose tissue and to show that the activity of this tissue constitutes an 
important link m the physiology of animal metabolism Special consideration will 
be given to the more recent hterature, m which references to older papers can be 
found 

CELL ORIGIN OF ADIPOSE TISSUE 

The view that adipwse tissue is merely ordmary connective tissue, m which fat 
has been deposited, was first expressed by Fl emmin g (3) and is still generally taught, 
m spite of the fact that most recent histologists do not agree with this Data ob- 
tamed durmg the last 20 years show that adipose tissue develops from special primi- 
tive fat cells and that the cells of this tissue have a specific structure, entirely distmct 
from the fibroblasts of coimective tissue 

The specific structure of adult adipose tissue has been clearly demonstrated by 
Maximow (4) in the case of the fat cells of the omentum This specific, gland-like 
structure is not always evident m the fat-laden tissue and is restored only after 
depletion of the fat 

Direct proof of the occurrence of pmmtive ‘fat organs’ has been presented m a 
short note by Hausberger (5) Embryomc tissue, from a site that develops mto 
adipose tissue, yields a typical fat tissue when transplanted mto normal adult rats 
Upon similar transplantation of embryomc connective tissue, no adipose tissue is 
formed The embryomc fat tissue is fat free and is morphologically undistmguishable 
from embryomc connective tissue The tissue is recognizable only by its specific 
location and development Wassermann (6) demonstrated the affini ty of fat tissue 
to reticular perivascular mesenchjme cells The conception that adipose tissue is 
part of the leticulo-endothelial system is in harmony with the glandlike histological 
structure of the unfatted fat organ, as well as with the functions adipose tissue can 
fulfill along with its usual fat-stonng function Portis (7) showed that the cells of the 
omentum are able to form antibodies and that this abihty is correlated with the 

4SI 



452 


E WERTHEIMER AND B SHAPIRO 


Voiume x8 


occurrence, in this adipose organ, of aggregates of reticulo-endothehal cells Histo- 
logically, these cells closely resemble pnmitive adipose cells, before fat storage sets in 
According to Wassermann (6), the blood-forming function may be reestablished in 
depleted adipose tissue under appropnate conditions This is in analogy with the 
behavior of bone marrow, which sometimes adopts the function of fat storage m 
addition to its blood-fomung function Vital dyes are stored by adipose tissue just 
as m the reticulo-endothelium This was shown by Dogbotti (8) m the depleted fat 
cells and by Bremer (9) even m the thm protoplasmatic nng about fat distended cells 
McCullough (10) showed that Trypan blue is mcluded m fat cells, especially after 
their depletion of fat This is regarded as evidence for the macrophagial ongm of 
adipose tissue A cnbcal review of the histological and embryological aspects of 
'adipose tissue has been given by Wells (2) 

It may be concluded that adipose tissue can no longer be regarded as connective 
tissue, fulfilling the function of fat storage. It seems to be part of the histiocyte 
system and is able to fulfill other tissue functions m addition to its specialization m 
fat storage 


INNERVATION OF ADIPOSE TISSUE 

It had long been taken for granted that adipose tissue does not possess a nervous 
supply Hofmeister (ii), m a lecture m 1912, stated that fat mobilization is not 
governed by mnervation, smce no nerves are found m adipose tissue The same 
attitude was adopted m a later research on brown fat tissue by Rasmussen (12) 
Goenng (13), on the other hand, amved at the opposite conclusion on the basis of 
climcal expenence, which showed that localized fat deposition and depletion is 
governed mainly by nervous factors Wertheuner (14) produced expenmental evi- 
dence for the dependence of fat mobilization on the innervation of adipose tissue. 
The innervation of the blood vessels supplying the adipose tissue was demonstrated 
by Nordmann (15) This author beheved that adipose tissue is influenced by the 
nervous system only through the vascular system However, Hausberger (16) was 
able to show that the fimctional activity of the fat organs is regulated by an abundant 
nerve supply to both the vessels and the parenchyma The best histological prepa- 
rations demonstratmg the nervous supply of fat cells are those of Boecke (17) In 
these preparations, fat cells of the mterstitial tissue of the parotis are shown to be 
supphed by nerve fibers of the sympathetic nervous plexus of the surroimdmg tissue 
It could not be proved with complete certamty, m a microscopic preparation, whether 
the nerve fibers penetrate the thm plasma membrane, but the curving of the fiber ends 
around the cell nucleus make this conclusion highly probable Barber histological 
papers, espeaally those of Stoehr and Reiser, are discussed by Boecke. 

It may be concluded that adipose tissue is controlled m its activity by the nervous 

^tem 

BLOOD SUPPLY OF ADIPOSE TISSUE 

The blood vessels of adipose tissue were the subject of several studies m the older 
hterature (3, 6) Nordmann (15) tned to base a theory on the capacity of fat de^i- 
tion and mobilization of adipose tissue on the sparsity of its blood supply This 
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paper was later cntiazed by Hausberger (i6), who concluded that Nordmann 
observed only the greater vessels and not the capillanes The extent of the blood 
supply of adipose tissue was examined quantitatively m a recent paper by Gersh and 
Still (i8) It was stressed that m the well developed fat sizes, generally examined by 
earber authors, the capillary net appears to become coarser and mconspicuous, espe- 
aally if the sections of the tissue are fixed in conventional ways However, by a new 
method of fixmg the fat and its contamed blood by freezmg and drymg the tissue in 
unaltered condition or by arterial mjection of the animal with India ink, the number 
and dimension of the capillanes present m the tissue could be estimated It was 
found that the capillanes of the fat depots of the rat, unlike those m muscle, show no 
parbcular onentation, but form loose meshes which run m aU directions m the tissue 
that encloses the fat cells No marked quantity of fat cells escapes close contact with 
at least one capiDary The capillary density mcreases as the fat cells become smaller 
and there is considerable variation m the number of capillanes m different regions 
The ratio of the surface of the capillary bed to the volume of the tissue supphed is 
about 52 m fat-nch tissue and about 220 m fat-poor tissue The first value is about 
one-third as great as in muscle, the second is of the same order as m the most poorly 
supphed muscle. For metabohc purposes, however, the data are better calculated' 
on the basis of surface area of capillanes to volume of protoplasma of fat cells On 
this basis, a ratio of about 1000 is found m fat nch tissue for surface of open capil- 
lanes and of about 2160 for total capillary surface This means that for metabohc 
purposes, the capillary bed of fat tissue is comparatively ncher than that of muscle. 

DEPOSITION OF FAT IN ADIPOSE TISSUE 

The nature of the fat deposited in adipose tissue is determmed by the balance 
between the fat in the diet, the fat synthesized m the body and that broken down m 
metabolism Animals deposit a fat specific to then: species, owmg to their relatively 
speafic feeding habits and because most of the body fat is that synthesized withm 
the body, the diet of most animals consisting of predominantly carbohydrate foods 
Only upon mgestion of large amounts of fat of specific composition is the fat store 
altered so that it approaches m composition that of the fat fed An additional factor 
contnbuting to the constancy of fat composition is the abihty of the body to carry 
out at least mmor alterations m the fatty acids It has been shown by Schoenheimer 
and Rittenberg (19) that upon mgestion deutenosteanc aad, deutenopalmitic and 
deutenoleic aad are found m the fat deposited, provmg the abihty of the body to 
oany out desaturation, as well as shortenmg of the h3idrocarbon cham The site of 
these transformations m the body is not determmed by these experiments Pre- 
viously It was generally accepted that adipose tissue does not play an active part m 
these processes This can no longer be mamtamed, smce the abihty of adipose tissue 
to carry out desaturation of fatty aads has been repeatedly demonstrated (20-23) 
Moreover, the assumption that at least part of the desaturation is earned out m adi- 
pose tissue 1 tself serves as a convement explanation for thewell known fact that the fat 
deposited m various parts of the body is not identical m its lodme value, the deeper 
layers bemg more saturated that the outer parts (24) The correlation between the 
temperature at the site of storage and the degree of saturation may be due to a de- 
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pendence upon the temperature of the equilibrium between saturated and unsaturated 
fatty acids in the fat body An alternative explanation, proposed by Hilditch (25), 
that all the fat is synthesized and transformed m other tissues, especially m the liver, 
and that the adipose tissue at various sites selects a specific mixture of glycerides from 
the blood, also requires active work on the part of the adipose tissue However, no 
experimental basis is as yet available to suppose such an elective ability 

The source of fat deposited can be divided into o) preformed fat from the diet 
and h) fat synthesized m the body from carbohydrates and proteins 

c) Deposthon of Fal from Preformed Fat Good evidence is on hand for the 
assumption that food fat is first deposited m the adipose tissue, after being absorbed 
from the mtestme When fat labelled in various forms, 1 e as elaidic acid (26) or as 
deuterium marked fat (27), is fed, a large part of the labelled fatty acids can be recov- 
ered m the adipose tissue Accordmg to Frazer’s ‘partition theory’ (28) only that 
part of fat, resorbed as unhydrolyzed glycendes, goes directly to the depots, while 
fatty aads are absorbed into the portal vein and are transported to the liver The 
classical theory, that fat is deposited in the adipose tissue only when given in excess 
of the caloric requirement, has been finally disproved by the experiments of Schoen- 
heimer and Rittenberg (27) with deuteno-fatty aads Fifty per cent of the deu- 
tenum ingested could be found m the fat stores four days after feeding This is true 
even when no change m the total quantity of fat occurs and, as was shown by Bern- 
hard and Steinhauser (29), even when fat disappears from the stores in the fastmg 
mouse Mobilization and deposition of fat go on contmuously, without regard to 
the nutritional state of the animal The lowermg of the fat content of the tissue 
dunng hunger is the result of mobilization exceeduig deposition This can hardly 
be due to changes m the concentration of fat m the blood, which is on the normal level 
or even somewhat elevated In fastmg rats treated with phlondzin, the mobilization 
of fat from the depots is even generally accompamed by a marked elevation m the 
concentration of blood hpids The fat level of the blood cannot, therefore, be re- 
garded as the regulator of fat depiosition and mobilization 

The balance between deposition and mobilization must thus be controlled by a 
factor acting directly on the fat cell In a recent study, we (30) were able to show 
that the penetration of fat mto adipose tissue is an active process, depending upon 
the metabohsm of the cells Fat-depleted adipose tissue, incubated with serum at 
38° C , takes up fat from the medium This uptake is prevented by heatmg the 
tissue to 8o°C , by the addition of sodium fluoride and sodium cyanide and by lower- 
mg the incubation temperature to 2o°C 

b Fal Synlhesioed from Carbohydrates and Proleins The abihty of the animal 
body to build its fat from carbohydrates has been demonstrated in the older literature 
by balance experiments, and more recently by the recovery of deutenum, given to 
the animal in the form of deutenum oxide, from the fatty aads in its depots (31) 
The newly synthesized fat contams mainly Cis and Cu fatty aads (32) It is gen- 
erally accepted that this newly synthesized fat is formed m the liver and that no 
synthesis occurs in adipose tissue itself Quantitative data, obtained by Schoen- 
heuner and Rittenberg (31) and by Stetten and Grail (33), on the veloaty of exchange 
of fat in the hver and in the depots are very diflicult to reconcile with this assumption 
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From the results of Stetten and Grail it has been calculated that the actual rate of 
s)athesis of fatty acids by a group of 5 mice was m the neighborhood of one gm/day 
This IS about four times as much as was present m the bvers of the normal mice If 
the h\Tr be assumed to be the major site of synthesis, the half life tune of fatty acids 
m the hver becomes a matter of hours and not of days Actually the half life time 
of fatty aads m the hver was found to be between 2 6 to 2 8 days and that m the car- 
cass between 5 to 6 days 

The studies of Teppennan, Brobeck and Long (34) suggest that the conversion of 
carbohydrates mto fat may take place both in the hver and in the extrahepatic tissues 
These workers compared rats which were tramed to eat their entire daily ration m 
one hour with control nnimak Smce the tramed a nimals exhibited a mea n R Q of 
1 22 after the administration of glucose, whereas the untreated ones showed, under 
these conditions, a R Q of about r 05, it was concluded that one effect of the dietary 
traimng was an augmentation of the rate of fatty acid synthesis from carbohydrates 
The difference m R.Q between the two groups persisted even m the functional ab- 
sence of the liver, though it was not so strikmg as m the intact animak 

The correlation between the appearance of glycogen m adipose tissue and the 
deposiPon of fat led Tuerkischer and Wertheimer (35) to suggest that adipose tissue 
Itself is capable of convertmg carbohydrates mto fat. This suggestion is corroborated 
by the finding that adipose tissue, contammg glycogen, exhibits a respiratory quotient 
exceedmg i o (36, 37) Recently, we (38) were able to show that adipose tissue, 
incubated m vitro with serum ennched with deuterium onde, contains fatty acids 
with stably bound deuterium It thus seems established that adipose tissue partia- 
pates m the s3mthesis of fatty acids m the body 

DEPOSITION OF GLYCOGEN IN ADIPOSE TISSTJE 

The presence of glycogen m adipose tissue was first observed m histological 
studies by v Gierke (39) Hoffmann and Wertheimer (40), Wertheimer (41) and 
Tuerkischer and Wertheimer (35) showed that glycogen cannot be demonstrated by 
chetmcal methods m normally fed healthy dogs and rats 'WTien, however, the am- 
mals were fasted or undernourished and afterwards placed for a short tune on a carbo- 
hydrate nch diet, glycogen could be found regularly m adipose tissue This glycogen 
deposition is transient. The glycogen disappears after a certain tune if feeding is 
contmued The conditions favonng glycogen deposition are generally the same as 
those enhancmg fat deposition Glycogen deposition precedes fat depiosition and 
comes to an end with the completion of fat deposition (35) Glycogen deposition has 
been established (35) m the foUowmg cases, m addition to refeedmg after undemutn- 
tion c) m rats tramed to consume then entire daily ration m one hour (34) , b) m rats 
fed and starved on alternate da}rs (42, 43), c) m rats after a certam tune of excessive 
carbohydrate consumption (35), d) m rats after mjection of insuhn m appropnate 
doses (45) , e) m new-born rats (immediately after birth the glycogen content of pre- 
sumptive adipose tissue decreases concurrently with the accumulation of fat, 44), 
and/) m rats after suture of the nerves supplying adipose tissue (45) 

The depiosition of glycogen is most marked m the mterscapular brown fat tissue 
of the rat. The amount of gljxogen deposited m this tissue under suitable conditions 
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IS of the same order of magmtude as that m the hver Comparatively high quantities 
are found m mesenteric fat as well Grom fat and pennephnc fat generally contam 
the smallest quantities of glycogen 

Accordmg to the view that adipose tissue is a quasi dead reserve material, the 
glycogen deposited must be assumed to reach the tissue via the blood stream The 
glycogen would then have to diffuse through the cell membrane, as well preserved 
adipose tissue preparations can be shown to contain glycogen within the cells but not 
m the mterceUular spaces This is highly improbable, a more plausible explanation 
13 that glycogen is synthesized in the adipiose cells themselves 

It has been shown that glycogen accumulation occurs only under suitable con- 
ditions and that it is always correlated with an enhanced fat deposition It thus 
seems probable that glycogen is directly concetned with fat synthesis m adipose 
tissue, possibly as an mtermediary product m the transformation of carbohydrates 
into fat This would explam why glycogen appears only when this synthetic process 
is espeaally active 

Adipose tissue cannot be regarded as an additional carbohydrate store for replac- 
mg blood sugar, as the findmgs of Mirski show that no glucose is formed upon break- 
down of adipose glycogen (37) The conclusion that adipose glycogen is transformed 
mto fat IS corroborated by the high respiratory quotient of glycogen-containmg adi- 
pose tissue 

SEGULAHON OF FAT AND GLYCOGEN DEPOSmON AND MOBIUZATION 

In the regulation of fat metabolism, hponeogenesis must play as important a rflle 
as gluconeogenesis m carbohydrate metabobsm This is espeaally so, smce the diet 
of most animals consists mainly of carbohi'drates and fat constitutes the mam reserve 
matenal of the body The conversion of food carbohydrates mto stored fat goes on 
contmuously The older view, that fat formation from carbohydrates commences 
only after the glycogen stores are fully loaded, can no longer be held (31) Accordmg 
to Stetten (46), m the normal rat 30 per cent of the carbohydrates fed are stored as 
fat and only about 3 per cent as glycogen. In view of the fact thit adipose tissue is 
the mam site of fat storage and has been shown to be an actively metabolizmg tissue, 
with a comparatively dense vascular and nervous supply, it is presumable that nerv- 
ous and endocrme factors influence the deposition and mobilization of fat 

Nervous Regulalton 

The first observations, mdicatmg nervous regulation of fat metabobsm, came 
from sources Goenng (13), summarizing clmical experience, came to the 

conclusion that excessive nervous untation bnngs about fat loss, while paralysis 
causes deposition of fat Mansfeld-Mueller (47) found that upon session of the 
femural nerve the denervated side becomes fatter than the intact one Wertheuner 
(14) showed that scission of the spmal cord, above the sixth thoracic segment, pre- 
vents the formation of fatty liver m phlondzm-treated fastmg dogs Scission below 
this region allows the fatty mfiltration of the liver to proceed Sassion of the liver 
nerves does not prevent fat mfiltration It thus seems presumable th^, 
absence of nervous imtation of the fat tissue, fat mobilization is mhibited This 



OdobtT 194S 


PHYSIOLOGY OF ADIPOSE TISSUE 


457 


conclusion was corroborated by Erben and Hasselbach (48) in experiments witb 
phosphorus poisoned rats and by Mill (49) m experiments of fat mobilization f oUowmg 
hemorrhagia. Hausberger (50) was able to cut the nerve connections supplymg the 
symmetncal mterscapular fat body of the mouse on one side only, thus settmg up 
conditions in which the normally innervated side of this bilateral symmetncal body 
served as an ideal control for the otherwise identically situated but denervated other 
side. Influx of glycogen and, m its waLe, an accumulation of fat were noticeable m 
the denervated side of the mterscapular fat body some 10 hours after denervation 
The fat content of the denervated side exceeded that of the control side m the nor- 
mally fed as well as m the starved mouse. The denervated side was depleted of its 
fat only after long penods of hunger BeznaL and Hams (51) showed, by sassion 
of the splanchmcus, that sympathetic nerve fibers are mvoh'ed m the mobilization 
and deposition of fat in the pennephnc adipose tissue Sympathetic control is also 
shown by the occurrence of faaal hemiatrophy on untation of sympathetic trophic 
fibers (13) The trophic influence of the autonomous nervous system on fat tissue 
was also shown by Kurd el al (52) bv isolated scission of the sympathicus and of the 
parasympathicus m dogs The sympathicus was found to act as an inhibitor of fat 
deposition and the parasympathicus as an accelerator After complete denervation, 
both fat deposition and fat mobilization were reduced The denervated fat tissue 
was found to possess a reduced metabolism 

It seems well estabhshed that obesity can constantly be mduced m rats by lesions 
of the hypothalamus (53, 54) It is presumed that the neurones mvolved m the 
disturbance he m the region of the ventromedial nuclei and that their axons run into 
the region above and lateral to the mammillary bodies and from there into the mesen- 
cephahc tegmentum (54) From this center, fibers may enter the spinal cord and 
from there umervate the fat tissue by sympathetic nerve fibers, which leave the spinal 
cord mainly above the sixth thoraac segment 

Normal innervation seems to be requisite for the attainment of a dynamic equi- 
hbnum in fat tissue. Secession of the innervation is followed by elevation m the fat 
content of the tissue The nervous influence on adipose tissue may be of high im- 
portance m the etiology of obesity and leanness, as well as m locahzed occurrence 
of fattemng Adipose tissue seems to possess a certain ‘tonus’ due to constant inner- 
vation This ‘tonus’ may be either lowered or raised by pathological conditions 

Endocrine Regulalion 

I Anienor ptiuilary The regulation of fat mobilization from adipose tissue 
by the pituitary has been proved by Barett, Best and Ridout (55) by the use of 
deuteno-falty aads and by Stetten and Salcedo (56) by labellmg the newly syn- 
thesized fatty acids with deuterium from the body water enriched with heavy water 
Both groups found that the fattj livers, produced by the mjection of anterior pitm- 
tary extracts into fasting mice, are the result of excessive mobilization of depot fat 
and its migration to the liver These findings suggest a direct influence of anterior 
pituitary hormones on adipwse tissue activity The hormone concerned has not been 
clearly defined Wed and Stetten (37) showed that the urme of fasting rabbits con- 
tains a factor, which acts sumlarly to the pitmtary factor, causmg fatty hver upon 
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injection into a fasting mouse Depletion of the fat depots and replacement of the 
fat by a translucent gelatineous matenal was observed by Dobyns (58) upon injection 
of a preparation of thyreotropic hormone of the pitmtary The changes were found 
to take place even m the absence of the thyroid, showing that it was not the thyreo- 
tropic hormone proper that caused fat depletion, but another factor present in the 
preparation Recently it has been shown by Reiss (59) that lactogenic hormone also 
reduces the fat content of fat tissue tn rats and m man This mobilization of fat may 
be connected with lactation Clement showed that scission of the nerves supplymg 
the interscapular fat body and the permephnc fat abolished the fat mobihzmg efiect 
of pituitary extracts (60) The same method was used to prove the dependence of 
the adrenahne effect on fat mobihzation upon the sympathetic sj^tem (61) 

2 Adreiwl torlex The observation of Verzar and Laszt (62), that the deposition 
of fat m the hver of rats is inhibited in adrenalectomized animals, has been repeatedly 
confirmed (63-66) All expienmental methods used to obtam fatty hvers were less 
successful m adrenalectomized rats Recently, Hartman, Brownell and Thatcher 
(67) succeeded m isolating a new factor from cortical extracts, distmct from the so- 
dium and carbohydrate factors, which causes deposition of fat in the hver of starved 
adrenalectomized animals The defect m adrenalectomized animals is generally 
attributed to madequate mobilization of the fat depots However, if the lack of fat 
mobilization were the mam factor in the disturbances of fat metabolism m adrenalec- 
tomized animals, the fat depots would be nch m fat. Tuerkischer and Wertheimer 
(3s) found that fat deposition m adrenalectomized rats is also markedly below normal 
Together with the lack of fat deposition, only negbgible amoimts of glycogen are 
deposited, under conditions normally causing a marked deposition of glycogen Gly- 
cogen deposition could be mduced, under these conditions, by the administration of 
fresh cattle adrenal preparations and by large doses of desoxycorticosterone acetate 
(2 mg ) That the loss of body fat m adrenalectomized rats is not due to reduced 
food mtake was shown by Schiffer and Wertheimer (78) m paired-fed rats, in which 
the normal always markedly exceeded the adrenalectomized rat m its fat content 
Administration of 2 mg of DCA or of adrenal cortical extracts reestablished fat depo- 
sition. These experiments suggest a direct influence of cortical hormones on the fat 
tissue and on the conversion of carbohydrate mto fat The lack of fatty hvers m 
adrenalectomized rats may partly be due to this disturbance in fat synthesis An- 
other explanation jximts to the inabihty of the hver of adrenalectomized animals to 
store fat or to a higher fat metabolism m the hver MacKay (65) showed that 
adrenalectomized rats store less fat m the hver than normal rats, upon ingestion of 
cream or pure fat When adrenalectomy is performed after the establishment of 
fatty hver, the fat leaves the liver more quickly than m normal rats 

It may be concluded that m adrenalectomized animals, fat deposition m both 
the liver and the depots is inhibited 

3 Jtisiilin Insuhn is known to prevent fatty hvers occurrmg m cases of pan- 
creas or phlondzm diabetes (69) It has recently been shown that msulm also parti- 
ally inhibits fatty hver production, which occurs in response to the administration of 
antenor pituitary extracts m fasting rats, mice and gumea pigs (70) It is generally 
taken for granted that this msulm effect is mchrect, actmg through the influence of 
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insulm on carbohydrate metabolism It has been found by Wertheimer (43) that, 
under suitable conditions, insulin mjection brings about an appearance of glycogen 
in adipose tissue of the normally fed rat Glycogen disappears from fat tissue simul- 
taneously with the disappearance of the insulin effect on blood sugar This insulm 
effect IS not due to the increased appetite mduced by insulm, smce glycogen deposition 
m mtrascapulary fat precedes the augmentation of appetite In s ulin mduces gly- 
cogen deposition m mtrascapulary adipose tissue even m hunger However, no 
glycogen (ieposition is mduced by insulm m rats on a protem nch diet. In adrenal- 
ectomized rats, insulin has no effect on appefate, but renews the capaaty of adipose 
tissue to store glycogen It may be concluded therefore that insulm exerts a direct 
influence on glycogen s}mthesis m adipose tissue Alloxan diabetic rats are unable 
to store glycogen m their adipose tissue, under conditions which m normal rats regu- 
larly bnng about such a deposition. Administration of insulin fully restores this 
abihty m alloxan diabetic rats (71) 

Experiments of Pauls and Drury (72) as well as those of Stetten and Klemer (73) 
proved the defiaency in fat synthesizmg capaaty of diabetic animals Accordmg 
to the latter authors, only 5 per cent of the normal amount of carbohydrate is con- 
verted mto fat m the diabetic animal Smce adipose tissue partiapates m fat syn- 
thesis m the body (38) and insulin is obbgatory for normal glycogen and fat deposition 
m adipose tissue, the obstruction of metabolism in this tissue may be of importance 
m the pathology of diabetes 

4 Thyrcndea Adipose tissue glycogen deposition is enhanced m thyreotoxic 
rats dunng the first days of recovery feeding (35) After this penod, the glycogen 
values fall rapidly to zero, whereas m normal rats the maximum glycogen levels are 
attamed only on the second day of recovery feedmg The consumption of glycogen 
m adipose tissue is enhanced m thyreotoxic rats, vtiro as well as tn mvo The 
influence of thyroxm on fat tissue seems to be due to a generally accelerated metab- 
ohsm 

MacKay and Sheml (74) reported that thyroidectomy m the adult rat, fed with 
a fat nch diet, causes a marked reduction m body fat content. The animals do not 
appear less plump nor do they weigh appreciably less than the controls This is 
contrary to the general assumption that thyroidectomy should cause fattening 
However, m no case could obesity be mduced experimentally by thyroidectomy 

UETABOUSM OF ADIPOSE TISSDE IN VIXEO 
Resptraiton and Respiratory Quoltenl 

The respiratory activity of adipose tissue was measured by Fleischmann (75) 
and by Scoz (76) The latter author found respiratory quotients of approximately 
I o for normal adipose tissue, as well as for adijxise tissue from fasting animals High 
R Q lalues were also frequently found by Ruska and Quast (77) Henle and Szpmg- 
ler (78), on the other hand, found R Q values of o 75 for no rmal fat tissue Mirski 
(37) showed that the respiratory rate and the respiratory quotient depend upon the 
condition of the tissue and upon the medium. With fat tissue from fastmg rats, 
suspended m phosphate Rmger’s solution, an average R Q of o 64 and an oxygen 
consumption Qq, (mm’ Oi/hr /mg of fresh tissue) of o 12 were found Fat tissue 
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containing glycogen, obtained after recovery feeding, showed an average R Q < 
and a Qo, of o 18 The heightened oxygen consumption and the high R Q 
transient imder these conditions and tended to fall after one to two hours > 
of glucose to hunger fat raised the R Q to o 73 When the milieu was serum, 
of phosphate Ringer’s solution, the Qo, and R Q values of himger fat 
and o 78 respectively With added glucose, the corresponding values were o 2 
115 In fat tissues contammg glycogen, the R Q values exceeded i o (av i * 
all cases and the Qo, value was o 38 The high R.Q was mamtamed for nfany • 
and m some cases rose to i 6 These experiments lend additional proof for the 
version m adipose tissue of glycogen mto fatty acids (38) 

Hook and Barron (79) measured the respiration of brown adipose tissue of 
hibematmg and non-hibematmg ground squirrel They calculated their resul 
the basis of fat free tissue and found a Qo, of 17 i, 1 e of the same order as tha 
kidney tissue During hibernation, adipose tissue retained a large proportion oi 
chemical activity at low temperature (3° C ) Respiration was 36 per cent of 
value for normal temperature, as against a residue of 15 per cent m kidney and u 
The R.Q found was o 80 and fell after starvabon for eight weeks to o 67 


Efaymaltc Activity 

The presence of diastase, phosphatase, hpase and dehydrogenases m adip 
tissue has been repeatedly reported (80) However, the demonstrabon of • ' ' 
or phosphatabc acbvity in extracts of adipose bssuedoes not serve as conclusive P' 
for the presence of the enzymes m the tissue itself, smce they may be derived > 
the blood mcluded m the tissue Mirski (37) was able to show that ‘adipose ^ 

IS simil ar m its properties to blood diastase, convertmg glycogen mto low polysac 
chandes which are not fermentable Only 5 per cent of the glycogen broken dc 
was accounted for as glucose Hausberger (80), on the other hand, tned to > • 
that diastase and phosphatase ongmate m the tissue itself, by showmg that the msi 
enzyme is concentrated m denervated adipiose tissue and that the acbvity of the 
second is enhanced on recovery feeding An altemabve path for glycogen decom- 
posibon m adipose tissue was demonstrated by Murski (37), who showed that adipose 
tissue phosphorylates glycogen. The product of phosphorolysis is Con-ester No 
phosphoglucomutase was found in white adipose bssue Brown adipose tissue, on 
the other hand, was found to contam this enzyme The lack of glucomutase m white 
adipose tissue leaves the mechanism of glycogen synthesis m this tissue unexplained 

Among the vanous dehydrogenases present m adipose tissue, special interest 
pertains to the dehydrogenases of higher fatty acids Their presence m adipose 
tissue was repeatedly demonstrated (20-23) According to Yosu (21) adipose tissue 
IS the nchest source of dehydrogenase of the higher fatty acids, exceeding the liver 
2 to 3 tunes and the muscle and kidney up to 30 tunes Shapuo and Wertheuner (22) 
showed that dialysed water exbacts of adipose tissue dehydrogenate fatty acids only 
m the presence of phosphate and a boiled extract of adipose tissue or yeast In agree- 
ment with Lang and Mayer (81), it was found that the co-factor 
extracts can be replaced by adenosme-s-phosphonc aad T^^“^X^d’ipose tissue^ 
Lang and Mayer m hver extracts and by Shapno and Wertheun 
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ems to be different from other fatty aad dehydrogenase found {82), serving only 
or mterconversions of fatty aads and not for their total breakdown 

Other substrates found to be attacked by adipose tissue extracts are phospho- 
pids, succinic aad, glycerophosphonc acid and lactic aad (22) 

BROtVN ADIPOSE TISSUE 

The brown adipose tissue is m many of its morphological and physiological prop- 
rties quite distmct from ordmarj', white, adipose tissue (83) It shows a much 
igher respiratory and metabohc activity than white adipose tissue. Under appro- 
nate conditions, brown adipiose tissue is capable of storing glycogen m concentrations 
imparable with those m the liver (35) On the other hand, fat mobilization from 
roTm adipose tissue during hunger is much slower than that from white fat tissue 
N) Due to these structural and metabohc peculiarities, various spiecial functions 
lie been ascribed to brown adipose tissue Since the mterscapular brown fat body 
KpeciaUy developied m hibernating ammals, this tissue has been connected with 
hemabon and has been named ‘hibernating gland’ The older literature on this 
ipect can be found m a review by Ferdmann and Femschmidt (85) and m an article 
f Rasmussen (86) In the more recent literature two reports can be found that 
^ng evidence pointmg to a function of brown adipose tissue in hibernation Wendt 
'?) showed that the mjection of extracts of brown fat of the hibematmg hedgehog 
to rats lowered the metabolism of the rats by 20 to 30 per cent After an initial 
^t, the animals became quiet and apathetic S imil ar results were obtamed by 
00k (88) who mjected white rats with an extract of brown fat of woodchucks and 
ound squirrels Extracts of fat from the omentum or of pennephnc fat tissue had 

> such influence No experiments were made with extracts of brown fat of non- 
hematmg animals The experiments prove only the presence m brown fat of a fat 
'luble substance that depresses the metabolism of the white rat. 

In man and m the rabbit, the brown adipose tissue exists only in the embiyo 

> the rat and m the mouse, the brown fat m its embryonic form remains at vanous 

les dimng adult life White fat tissue, after depletion of most of its fat, becomes 
orphologically and functionally very similar to brown fat tissue. Brown fat tissue 
ay therefore be looked upon as an adipose tissue that did not develop beyond its 
ibryomc state. ’ 

e6ie of adipose tissue in the development of obesity 

As in other fields of physiology, much may be learned about the normal function 
a tissue from the eluadation of disturbances durmg pathological conditions The 
ate of knowledge about experimental obesity has been recently reviewed (89, 53, 
l) However, the place of adipose tissue m these disturbances has received very 
;tle attention In one case, of congemtally obese mice, it could be clearly demon- 
rated by Salcedo and Stetten (90) that the retardation of fat mobilization from the 
;pots IS an important factor m the pathology of obesity The mice were fed for five 
lys on bread crumbs, to which ethyl esters of deuteno-fatty acids were added Anal- 
5,s of the deutenum content of body water and fatty aads showed that the storage 
[ fatty aads, m these mice, was normal The turnover of depot fatty aads, however, 
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was found to be considerably lower than in normal animals A s imil ar study, m 1 
case of the best studied form of experimental obesity, m hypothal ami c obesity ( 
54) would be of great mteresL 


CONCLUSIONS 

Adipose tissue is a tissue with a speaal structure and a special tyjie of cell It 
supplied by a comparatively dense capillary net and innervated by ■ * 

nerve fibers Deposition and mobilization of fat m adipose tissue is an active ^ > 
mvolvmg the metabolism of the tissue Under conditions favormg fat dep 
adipose tissue accumulates glycogen, which is presumably built in the tissue cp 
themselves Synthesis of new fatty acids from carbohydrates as well as transform 
tion of one fatty acid into another proceed contmuously m this tissue All of 
metabohc activities are regulated by nervous and endocrme factors 

The present knowledge pomts to the possible r61e played by adipose tissue m 
development of various pathological conditions m the metabolism of the body 
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case of the best studied form of experimental obesity, m hypothalarmc obesity ( 
54) would be of great mterest 


CONCLtlSlONS 

Adipose tissue is a tissue -with a special structure and a special type of cell It 
supplied by a comparatively dense capillary net and innervated by sympatl ■ 
nerve fibers Deposition and mobilization of fat m adipose tissue is an active p ■ 
mvolvmg the metabolism of the tissue Under conditions favormg fat deposi ■ 
adipQse tissue accumulates glycogen, which is presumably built m the tissue ■ " 
themselves Synthesis of new fatty acids from carbohydrates as well as transforma 
tion of one fatty aad into another proceed contmuously m this tissue All of 
metabohc activities are regulated by nervous and endocrme factors 

The present knowledge piomts to the possible rdle played by adipose tissue m the 
de-velopment of vanous pathological conditions m the metabolism of the body 
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